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ABSTRACT 


This  report  contains  the  results  of  an  investigati')U  into 
the  lubrication  of  gears  and  bearings  for  use  in  a  vacuum 
environment  by  using  dry  powders  as  a  lubricant,  and  dry  self- 
lubricating  materials  in  the  bearing  retainer. 

The  report  is  divided  as  follows: 

PHASE  I:  The  wear  and  friction  characteristics  of  various 
dry  powders  and  dry  self-lubricating  materials  for  use  in  ball 
bearings  were  evaluated  and  screened  in  a  dry  inert  atmosphere 
in  laboratory  test  apparatus  under  rotating  speeds  and  loads 
similar  to  that  found  in  2  to  7  h.p.  electric  motors.  The 
materials  evaluated  included  reinforced  thermosetting  plastics, 
dry  lubricant  filled  and  unfilled  thermoplastics  and  dry 
lubricant  filled  sintered  alloys. 

PHASE  II;  Dry  powder  and  self-lubricating  materials  were 

—6 

subjected  to  the  vacuum  conditions  in  the  range  of  1  x  10  to 

-9  o 

1  X  10  mm  Hg,  and  at  temperatures  in  the  range  of  -60  F  to 

1000°F  to  determine  the  rate  of  the  outgassing  and/or  decom¬ 
position  of  each  material. 

PtIASE  III:  Dry  ball  bearing  (204  size,  22  mm  bore)  soak¬ 
ing  and  operating  tests  were  conducted  using  retainers  fabri¬ 
cated  from  the  most  promising  materials  determined  in  Phase  II. 
The  bearings  were  operated  at  a  speed  of  1800  rpm,  radial  load 
of  75  ll)s.  ,  axial  load  of  5  lbs.  ,  and  tested  under  the  vacuum 
and  temperature  conditions  described  in  Phase  II.  Special 
bearings  and  retainer  materials  v/ere  used  for  exploratory  tests 
up  to  1500°F. 
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I.  INTRODUCTION 


Handling  facilities  are  required  in  the  positioning  cutd 
testing  of  space  vehicles  and  other  equipnent  In  the  large  ground 
vaeuvm  chambers  contemplated  for  the  Arnold  Air  fbrce  Station, 
Tennessee.  This  program  concerns  the  study  of  bearings  emd  lubricant 
systems  for  use  In  electric  hoist  motors  operating  in  these  ground 
vacuum  chambers  under  vacuum  conditions  similar  to  those  of  space 
operation . 


The  initial  program  vaa  divided  into  three  phases*  In 
Phase  I  the  vear  and  friction  characteristics  of  varloiu  dry  povders 
and  dry  self -lubricating  materials  suitable  for  use  in  ball  bearing 
con^nents  were  evaluated  in  a  dry  inert  atmosphere.  In  Phase  II 
the  selected  maiterlals  from  Phsise  I  will  be  subjected  to  a  vacuum 
environment  to  determine  the  rate  of  outgeisslng  of  each  material.  In 
Phase  III  the  most  promising  self -lubricating  materials  of  Phase  II 
will  be  fabricated  into  retainers  and  evaluated  along  with  dry  powders 
in  20  sin  ball  bearings  operating  In  a  vacuum  chamber  at  pressxires  in 
the  range  of  1  X  10~°  to  1  X  10‘‘9  mm  of  Hg.  Starts  will  be  made  at 
-60*F  with  actual  bearing  operation  at  ten^ratiures  ranging  from  ambient 
to  1000  All  tests  will  be  made  with  a  radial  bearing  3oad  of  75  I'b** 
and  an  axial  bearing  load  of  5 

At  the  extremely  low  pressure  levels  encountered  in  speuse  and 
also  contemplated  for  simulation  in  a  ground  test  facility,  conventional 
bearing  lubricants  evaporate  or  sublimate  caxulng  lubricating  films 
to  disappear  with  s  resultant  tremisndoxu  increase  in  surface  friction 
and  vear  of  the  ball  bearings.  Under  such  conditions  clean  surfaces, 
^en  rubbing  on  one  another  iii  laboratory  tests  with  apparently  the 
last  monomolecular  film  layer  removed,  have  been  known  to  cold  weld. 

In  addition,  in  an  ultra-high  vacuum  environment,  the  only  natiiral 
mechanisms  of  heat  dissipation  from  a  bearing  are  by  radiation  or  con¬ 
duction  to  contacting  surfaces*  This  heat  reservoir  effect  compounds 
the  problem,  as  lubricant  evaporation  la  accelerated  at  hl^er  bulk 
temperatures.  Some  bearing  materials  have  poor  heat  transfer  character¬ 
istics  and  will  not  dissipate  the  thermal  energy  over  the  entire  bearing 
surface  but  retain  it  at  the  localised  areae  where  the  asperities  of 
each  material  make  contact. 

In  ball  bearings,  rubbing  occurs  between  the  ball  surface  and 
bcOl  pockets  of  the  retainer  and  between  the  retainer  siurface  and  the 
corresponding  guide  lands  of  the  inner  or  outer  race.  In  the  evaluation 
of  lubricants  of  Phase  I,  the  object  vsis  to  obtain  or  develop  solids, 
powders  or  self -lubricating  structural  materials  that  would  provide 
low  friction  and  minimum  vear  when  rubbing  against  bearing  steels  or 
when  used  to  lubricate  bearing  steels  rubbing  against  each  other.  The 
rubbing  velocities  selected  were  similar  to  that  of  the  retainer  rubbing 
the  bearing  race  and  the  bsOlB  when  rubbing  the  retainer  pocket. 
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II. 


WEAR  AND  FRICTION  STUDIES  ON  FUSTIC  MATERIALS 


A.  Screening  Tests 


Prior  work  by  various  investigators  indicated  that  plastic 
inaterlalB  are  the  best  of  the  many  solid  materials  now  used  or  considered 
for  use  as  bearing  components  for  dry  lubricating  applications.  As  a 
result,  the  wear  and  friction  characteristics  of  selected  plastic  materials 
were  evaluated  to  determine  if  any  would  be  satisfactory  for  use  as 
bearing  components  operating  dry  in  a  space  environment. 

Initial  evaluation  of  the  plastic  materials  was  performed 
using  a  modified  Hohman  Model  Ah  wear  and  friction  tester.  Figure  1  is 
a  photograph  of  the  test  apparatus  used,  llie  tester  embodies  the  same 
principles  used  in  the  MacMillan  and  Falex  testers.  A  test  disk  or  plug 
is  attached  to  the  end  of  a  horizontal  shaft  which  is  rotated  at  a 
selected  constant  speed.  The  shaft  assembly  which  incorporates  a  torque 
bearing  arm  is  supported  in  the  pedestal  by  a  front  and  rear  bearing. 

The  test  specimens  in  the  form  of  l/2"  x  3/I+"  xO.25"  test  blocks  are 
held  in  shoes  and  mounted  on  the  torque  bearing  arm  and  can  pivot  in  a 
concentric  arc  about  the  shaft.  The  load  is  applied  to  the  blocks  through 
a  parallelogram  arrangement  of  levers  by  means  of  an  air  cylinder.  The 
cylinder  located  above  the  rotating  disk, is  attached  to  the  upper  end  of 
two  vertical  levers  that  hold  the  shoes.  An  oven  surrounds  the  test  blocks 
to  permit  conducting  evaluations  at  elevated  temperatures.  A  bell  Jar  was 
used  to  cover  the  entire  assembly  for  conducting  the  test  in  a  nitrogen 
atmosphere.  During  operation  of  the  unit,  the  friction  torque  of  the  disk 
rotating  against  the  test  blocks  was  indicated  by  the  use  of  a  strain  gage 
and  associated  equipment  connected  to  the  torque  bearing  arm.  During  the 
elevated  temperature  tests,  two  water  Jackets  shielded  the  forward  pedestal 
bearing;  load  dynamometer  ring  and  loading  cylinder  against  the  radiated 
heat  from  the  test  oven.  In  order  to  obtain  an  inert  atmosphere  environment 
of  nitrogen,  the  test  chamber  was  evacuated  to  1  mm  of  Hg,  and  then  returned 
to  ambient  pressure  by  admitting  dry  nitrogen.  This  process  was  repeated 
several  times  prior  to  each  test  run.  During  the  test,  the  chamber  was  held 
at  a  pressure  slightly  above  the  ambient  pressure  to  insure  no  leakage  of 
oxygen  into  the  test  area. 

The  tests  were  run  using  rubbing  velocities  of  h6o  ft. /min.  (l28o 
rpm)  and  23O  ft. /min.  (6k0  rpm)  and  temperatures  of  86°F  and  l6o°F.  The 
load  on  the  test  blocks  was  three  pounds  (equivalent  to  a  pressure  of  100- 
300  psi  between  the  block  and  disk).  M-10  tool  steel  was  used  as  the 
rotating  disk  material  for  all  screening  tests  of  all  the  plastic  materials. 
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B.  Selection  of  Materials 


Plastic  materials  that  were  knovm  to  exhibit  good  wear 
and  friction  characteristics  necessary  for  unlubrlcated  bearing  com¬ 
ponents  vere  selected  for  screening.  Since  polytetrafluoroethylene 
(Q?eflon)  and  nylon  have  many  of  the  desirable  properties  for  unlubricated 
'tearlngs,  they  vere  among  the  first  to  be  considered  for  the  severe 
application  of  operating  dry  in  a  vacuum  environment.  In  order  to 
obtain  optimum  vear  and  friction  values  \rtien  rubbing  against  a  metal 
siirfacej  various  povder  lubricant  and  fillers  vere  incorporated  In 
these  thermoplastic  materials. 

Other  plastics  ^rere  also  evaluated  and  vere  eomgpared  to 
polytetrafluoroethylene  euid  nylon.  These  plastics  were  unfilled 
pol^ropylene,  a  chlorinated  polyether  and  ceurbon-graphlte  solid 
In^jregnated  with  polytetrafluoroethylene.  Ihe  fillers  contained  In 
the  various  plastic  materials  Included  graphite,  molybdenum  disulfide, 
glass  cloth,  random  glass  fiber,  and  powdered  ceramic.  Table  I  lists 
all  of  the  plastic  and  carbon  materials  evaluated. 

C .  Test  HesiUts 


The  average  wear  and  fx*lctlon  values  for  the  plastic  materials 
evaluated  are  shown  In  Table  II.  The  variations  in  friction  during 
the  test  mins  are  shown  by  the  curves  in  Figures  2  to  13.  Figure  l4 
shows  a  comparison  of  the  average  coefficient  of  friction  euid  wear  for 
the  twelve  plastic  materials.  The  two  polytetrafluoroethylene  Impregnated 
carbon  materials  exhibited  the  lowest  friction  and  best  vear  charaeterlstlos. 
Of  the  remaining  plastic  materieLls,  polytetrafluoroethylene  filled  with 
glass  fibers  and  molybdenum  disulfide  powder  exhibited  the  lowest  co¬ 
efficient  of  friction  values  and  lower  than  average  wear.  Low  friction 
values  are  extremely  desirable  because  of  the  poor  thermal  conductivity 
of  the  plastic  or  carbon  material  In  the  bearing  during  operation  under 
load  in  the  space  environment.  The  unfilled  plastic  materials  were 
xinsatisfactory  as  bearing  coaponents  under  the  specific  conditions  of 
load,  speed  and  environment  for  the  application  stated  in  this  program. 

Little  difference  was  noted  between  the  friction  values  of  wear  rates 
determined  In  the  two  test  conditions  of  temperatures  or  speeds. 

1.  Nylon 

Vear  of  the  nylon  materials  containing  varlo\is  fillers  was 
low  and  was  due  most  likely  to  the  hl^  heu^inesa  of  the  nylon.  Nylon 
which  did  not  contain  a  lubricant  filler  was  unsatisfactory.  The  nylon 
materlELl  with  kOf)  molybdenum  dlstilfide  filler  is  preferred  over  nylon 
with  carbon -graphite  (even  though  the  friction  la  higher)  because 
of  the  expected  poor  lubricating  q.u«dltle8  of  graphite  In  a  space 
environment . 
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2.  Polytetraf luoroethylene 


Durold  5813,  polytetraf luoroethylene  containing  glaea  fiber 
reinforcement  and  molybdenum  disulfide  powder  filler,  exhibited  low 
friction  values  and  average  wear.  The  polytetraf luoroethylene  containing 
mica  or  glass  cloth  filler  had  significantly  higher  wear.  Polytetraf luoro¬ 
ethylene  can  withstand  higher  temperatures  than  the  other  thermoplastic 
material^  and  by  use  of  optimum  fillers  may  be  useful  in  bearings  at 
elevated  temperatures. 

3.  Carbon -Graphite 

The  carbon -graphite  blended  materials  impregnated  with  polytetra- 
f luoroethylene  exhibited  the  Laest  friction  and  wear  values.  Unfortunately, 
additional  tests  Indicated  that  the  carbon-graphite  materials  do  not  have 
the  necessary  mechanical  strength  for  ball  bearing  retainers.  These 
materials  will  continue  to  be  evaluated  for  lubrication  in  bearings  but  ^ 
not  as  a  structural  member  such  aa  a  ball  bearing  retainer. 

U.  Other  Thermoplastic  Materials 


Polychlorotrlfluoroethylene,  polypropylene  and  chlorinated  poly- 
ether  exhibited  excessive  friction  values  because  of  the  lack  of  a 
lubricant  filler. 

III.  FRICTION  MD  WEAR  STUDIES  ON  DRY  POWDERS 
A.  Teat  Procedure  For  Dry  Powders 

The  wear  and  friction  characteristics  of  dry  powders  were 
evaluated  by  using  them  as  lubricants  between  two  rubbing  specimens 
made  of  bearing  steels.  Prior  work  had  shown  that  graphite  and  moly¬ 
bdenum  disulfide  powders  provided  effective  lubrication  between  metal 
surfaces  under  certain  dry  conditions.  Tf  these  presently  used  dry 
powders  or  new  improved  powders  could  lubricate  effectively  at  high  tem¬ 
peratures  in  an  inert  atmosphere,  they  could  be  used  directly  as  lubricating 
powders  or  be  Incorporated  In  sintered  or  powdered  metals  to  provide  self- 
lubricating  bearing  components.  These  componente  would  have  the  necessary 
mechanical  strength  as  well  as  being  thermally  stable. 

For  the  dry  powders  to  provide  lubrication  of  metal  surfaces, 
the  particles  must  adhere  tenaciously  to  the  metal  surfaces  and  the 
particles  must  also  slide  or  shear  easily  in  the  direction  of  motion.  To 
evalxiate  the  ability  of  the  powders  to  lubricate,  screening  tests  were 
conducted  in  the  Hohman  tester  using  the  test  procedure  similar  to 
that  for  the  evaluation  of  the  plastic  materials.  All  powders 
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were  tested  In  a  nitrogen  atmosphere  as  lubricants  between  an  M-10  tool 
steel  rotating  disk  and  an  M-10  tool  steel  or  BG  k2  stainless  steel  test 
block  at  a  sliding  velocity  of  230  ft. /min.  (640  rpm)  and  a  load  of  three 
pounds  (approximately  150  pat  for  a  scar  width  of  two  mm).  Tests  were 
conducted  at  1000°F  and/or  l6o°F  and  were  of  10  minutes  duration  under 
stabilized  conditions. 

The  test  powder  was  contained  in  a  reservoir  and  was  fed  by 
gravity  flow  through  a  l/8"  O.D.  tube  to  the  area  of  contact  of  the  disk 
and  block.  Continuous  flow  of  the  powder  was  obtained  by  using  a  solenoid 
operated  agitator  in  the  powder  reservoir.  The  flow  rate  of  powder  was 
approximately  .005  cc /minute.  The  test  was  of  sufficient  duration  to 
determine  the  friction  and  lubricating  characteristics  of  each  material. 

In  some  cases,  two  minutes  were  required  before  the  test  readings  became 
stable.  Higher  flow  rates  of  powder  provided  an  excess  that  would  pack 
in  the  wedge  formed  by  the  disk  and  block  and  tend  to  produce  erratic 
friction  values. 

B.  Selection  of  Materials 


The  properties  of  approximately  200  compounds  described  in  the 
literature  or  studied  by  previous  Investigators  were  reviewed  and  35  of 
the  most  promising  dry  powders  on  the  basis  of  melting  point  temperature, 
liardness  and  crystalline  structure  were  selected  for  further  study.  Prior 
to  test,  calculations  were  made  to  find  the  amount  of  energy  released  in 
the  hypothetical  reactions  of  these  35  promising  dry  powders  with  iron, 
nickel  and  cobalt  to  determine  the  probability  of  forming  a  desirable 
reaction  product  on  the  metal  surface.  Of  these  promising  materials,  a 
group  of  27  was  selected  for  testing.  These  2?  materials  are  listed  in 
Table  III. 

C.  Test  Results 

Significant  differences  existed  in  the  ability  of  the  various 
powders  to  provide  low  friction  and  prevent  high  wear  of  the  metal  surfaces. 
The  average  wear  and  friction  values  for  the  powders  evaluated  are  shown  in 
Tb.ble  III.  The  variations  in  friction  during  the  test  runs  are  shown  by 
the  curves  in  Figures  15  to  34.  A  comparison  of  the  data  is  presented  in 
the  sTimmary  chart  on  Figure  35.  Molybdenum  disulfide,  graphite,  antimony 
trisulfide,  tungsten  dlselenide,  and  molybdenum  diselenide  powders  were 
found  to  be  the  b'-it  lubricants.  All  the  five  powders  exhibited  low  wear 
except  graphite  at  lOOOOF  and  all  exhibited  low  friction  except  graphite 
at  1000®F  and  antimony  trlsulfide  at  both  temperatures.  Each  of  these 
lubricants  except  graphite  provided  the  same  respective  degree  of  lubrication 
for  either  combination  of  M-10  tool  steel  or  BG  42  stainless  steel  rubbing 
against  the  M-10  disk  under  each  test  condition. 
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L.  Kolybdonmn  Disulfide 


Molybdr.-n'in  disulf'ido  exhibited  a  range  of  friction  values  when 
used  as  a  lubricar.t  betv/een  the  two  rubbing  metal  surfaces  at  l60°F.  It 
was  noted  that  even  v;ithout  a  continuous  film  between  the  metal  surfaces, 
the  coefficient  of  friction  ranged  between  .03  and  ,09.  Wear  on  the  metal 
surface  of  the  tost  block  was  in  the  form  of  a  polished  area  rather  than 
a  scar  area.  Little  difference  was  noted  in  performance  of  the  powder  at 
1000°F  or  16o°F.  Several  tests  were  made  in  air  at  1000°F  and  l60°F.  At 
1000°F,  the  coefficient  of  friction  was  .50  with  a  corresponding  wear  value 
of  1.0  mm.  During  these  tests  the  delivery  tube  was  not  cooled  and  most  of 
the  M0S2  had  been  converted  to  MoOg.  Tests  at  l6o°F  in  air  gave  equivalent 
values  to  those  tested  in  the  nitrogen  atmosphere  at  the  sE,.-n3  temperature. 
During  all  of  the  tests,  the  molybdenum  disulfide  powder  had  a  greater 
tendency  to  pack  in  the  reservoir  and  delivery  tube  than  any  of  the  other 
powders . 


2.  Carbon 

The  carbon  was  in  the  form  of  graphite  powder  and  had  similar 
friction  and  wear  values  when  compared  to  MoSo  at  l6o°F;  but  both  higher 
friction  and  wear  values  when  compared  to  MoS.,  at  lOOO^F.  Even  though 
graphite  Is  known  to  cause  higher  values  of  friction  and  wear  of  rubbing 
metal  surfaces  in  a  dry  environment,  it  was  included  in  these  tests  as  a 
comparison  with  the  other  powders.  Graphite  later  was  used  as  a  lubricant 
in  the  sintered  composites. 

3.  Antimony  Trisulflde 

Antimony  trisulflde  exhibited  higher  friction  values  with  wear 
rates  almost  equivalent  to  MoGg  under  similar  test  conditions.  The  powder 
melted  at  1000*^?  and  formed  an  adherent  silver  colored  film  on  the  metal 
surfaces.  It  was  found  that  an  extremely  small  amount  Of  powder,  less 
than  any  of  the  other  powders  tested,  provided  adequate  lubrication. 

Additional  tests  showed  no  difference  in  friction  or  wear  values  at  l60°F 
whether  the  antimony  trisulflde  was  used  as  a  powder  or  as  a  coating  on 
the  test  block.  The  antimony  trisulflde  later  was  used  to  impregnate 
porous  cobalt  alloy  test  blocks, 

.  Tungsten  Diselenlde  and  Molybdenum  Dlselenide 

These  powders  exhibited  extremely  low  friction  and  wear  values  in 
the  sliding  tests  in  both  the  i6o'’F  and  1000°F  test  runs.  A  thii.'  tenacious 
flliti  was  formed  on  each  of  the  rubbing  surfaces  which  provided  excellent 
lubrication  under  all  conditions  of  test.  The  annealed  WSeg  powder  exhibited 
slightly  different  friction  values  than  the  unannealed  powder.  The  unannealed 
WSe2  powder  (Figure  30 )  vas  heated  in  an  oven  in  an  inert  atmosphere  to  make 
the  annealed  WSe2  powder  by  changing  the  structure  from  turbostratic  to 
crystalline.  The  oxidation  stability  and  melting  point  of  WSeg  are  not  clearly 
defined,  but  they  appear  to  have  better  properties  than  those  of  M0S2. 

5.  Silver  Iodide 


Silver  iodide  exhibited  low  wear  but  rather  high  friction  values 
in  the  1000°F  and  l6o°F  test  runs.  At  1000°F,  the  silver  iodide  melted  and 
etched  the  tool  steel  but  not  the  stainless  steel  test  block. 
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were  tested  in  a  nitrogen  atmosphere  as  lubricants  between  an  M-10  tool 
steel  rotating  disk  and  an  M-10  tool  steel  or  BG  h2  stainless  steel  test 
block  at  a  sliding  velocity  of  230  ft. /“in*  (6U0  rpm)  and  a  load  of  three 
pounds  (approximately  I50  psi  for  a  scar  width  of  two  mm).  Tests  were 
conducted  at  1000°F  and/or  l6o°F  and  were  of  10  minutes  duration  under 
stabilized  conditions. 

The  test  powder  was  contained  in  a  reservoir  and  was  fed  by 
gravity  flow  through  a  1/8"  O.D.  tube  to  the  area  of  contact  of  the  disk 
and  block.  Continuous  flow  of  the  powder  was  obtained  by  using  a  solenoid 
operated  agitator  in  the  powder  reservoir.  The  flow  rate  of  powder  was 
approximately  .005  cc /minute.  The  test  was  of  sufficient  duration  to 
determine  the  friction  and  lubricating  characteristics  of  each  material. 

In  some  cases,  two  minutes  were  required  before  the  test  readings  became 
stable.  Higher  flow  rates  of  powder  provided  an  excess  that  would  pack 
in  the  wedge  formed  by  the  disk  and  block  and  tend  to  produce  erratic 
friction  values. 

B.  Selection  of  Materials 


The  properties  of  approximately  200  compounds  described  in  the 
literature  or  studied  by  previous  Investigators  were  reviewed  and  35  of 
the  most  promising  dry  powders  on  the  basis  of  melting  point  ten^ierature, 
liardness  and  crystalline  structure  were  selected  for  further  study.  Prior 
to  test,  calculations  were  made  to  find  the  amount  of  energy  released  in 
the  hypothetical  reactions  of  these  35  promising  dry  powders  with  Iron, 
nickel  and  cobalt  to  determine  the  probability  of  foinning  a  desirable 
reaction  product  on  the  metal  surface.  Of  these  promising  materials,  a 
group  of  27  was  selected  for  testing.  These  27  materials  are  listed  In 
Table  III. 

C .  Test  Results 


Significant  differences  existed  In  the  ability  of  the  various 
powders  to  provide  low  friction  and  prevent  high  wear  of  the  metal  surfaces. 
The  average  wear  and  friction  values  for  the  powders  evaluated  are  shown  in 
Table  III.  The  varlaxions  In  friction  during  the  test  runs  are  shown  by 
the  curves  in  Figures  15  to  3h.  A  comparison  of  the  data  Is  presented  in 
the  summary  chart  on  Figure  35-  Molybdenum  disulfide,  graphite,  antimony 
trisulfide,  tungsten  dlselenide,  and  molybdenum  diselenide  powders  were 
found  to  be  the  best  lubricants.  All  the  five  nowders  exhibited  low  wear 
except  graphite  at  lOOOOF  and  all  exhibited  low  friction  except  graphite 
at  10(X)°F  and  antimony  trlsulfide  at  both  temperatures.  Each  of  these 
lubiicants  except  graphite  provided  the  same  respective  degree  of  lubrication 
for  either  combination  of  M-10  tool  steel  or  BG  h2  stainless  steel  rubbing 
against  the  M-10  disk  under  each  test  condition. 
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6.  Miscellaneous  Powders 


Many  of  the  other  confounds  fixliibited  fair  wear  characteristics 
but  excessively  high  friction  characteristics  when  used  to  lubricate 
the  rubbing  metal  surfaces.  Materials  such  as  boron  nitride,  potassium 
titanate,  and  rubidium  dlantlmonide  exhibited  both  poor  wear  and  friction 
characteristics  at  the  1000“P  test  runs. 

D.  Crystal  Structures 


The  symbols  and  nomenclature  of  the  dry  powder  crystal  struc¬ 
tures  used  in  this  discussion  and  Table  HI  are  described  in  W.  B.  Pearson's 
book,  "A  Handbook  of  Lattice  Bpacings  and  Structures  of  Metals  and  Alloys" . 

Graphite  is  composed  of  parallel  sheets  of  closely  grouped 
carbon  atoms.  The  distance  between  the  sheets  is  rather  large  as  a 
result  of  weak  bonding  forces.  One  theory  of  graphite  lubrication 
based  on  experiments  dealing  with  intercalation  compounds  and  the 
effect  of  vapors  on  lubricating  properties,  suggest  that  /T  electrons 
that  are  not  used  in  the  valence  bonds  between  a  carbon  atom  and  its 
three  close  neighbors  may  also  be  involved  in  interplanar  bonding. 

Such  electrons  can  react  with  materials  to  form  graphite  intercalation 
compounds  with  grossly  extended  interplanar  distances.  Water  vapor  or 
certain  other  gaseous  materials  are  required  for  graphite  to  be  a 
lubricant.  These  materials  react  with  graphite  with  a  resultant 
lessening  of  inteiplanar  bonding  and  lower  shear  resistance  or  abrasive¬ 
ness  of  the  graphite.  Molybdenum  disulfide  does  not  suffer  this  dis¬ 
advantage  and  will  lubricate  in  a  dry  atmosphere.  Molybdenum  disulfide 
has  a  planar  stnicture  but  all  the  electrons  are  accounted  for  in  bonding. 
The  structure  perpendicular  to  the  planes  of  sulfur  atoms  and  parallel 
to  the  hexagonal  c  axis  may  be  represented  as  shown  in  Figure  36. 

Around  each  Mo  atom  is  a  trigonal  prism  of  sulfxu:  atoms 
resulting  from  the  d^sp  hydridization  completely  filling  the  Mo  d 
shell.  The  Mo  atoms  are  stacked  in  the  sequence  AB  AB  or  the  hexagonal 
sequence.  Each  svilfur  plane  is  in  closest  packing  (i.e.,  each  sulfur 
is  surrounded  by  six  sulfur  neighbors  in  the  plane;  only  two  sulfur 
neighbors  are  shown  on  the  figure). 

A  few  other  materials  have  the  MoSg  C7  structure  -  MoSeg, 

MoTe2,  VS2,  WSe2  and  all  should  have  good  lubricating  properties. 

Several  of  these  materials  made  by  the  Chemical  Department  of  the 
Westinghouse  Research  Laboratories  as  part  of  another  development 
program  were  tested  in  Phase  I.  MoSe2  and  WSe2  were  shown  to  have 
superior  lubricating  properties  to  M0S2,  heretofore  the  best  per¬ 
forming  solid  lubricant.  Since  the  lubrication  results  are,  in  fact, 
identical  for  MoSep  and  WSe2  it  appears  that  the  iji^jrovement  comes 
about  as  a  result  of  the  substitution  of  Se  for  S  rather  than  as  a 
result  of  the  tungsten  substitution. 
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When  WSeg  and  MoSe2  are  formed  at  low  temperatures  {700°c) 
an  Irregular  structure  results.  The  x-ray  patterns  of  these  materials 
show  sharp  hkO  and  001  lines,  but  extremely  diffuse  hkl  reflections. 

This  indicates  well  ordered  planes  stacked  in  a  parallel  manner  above 
one  another,  but  in  which  there  was  otherwise  little  order  between  one 
plane  and  the  next.  The  effect  is  that  of  a  spilled  deck  of  cards. 

The  extreme  case  of  this  type  of  disorder  is  the  turbostratlc  structure, 
typical  of  low  temperature  carbons  where  hkl  lines  are  completely  absent. 

A  less  extreme  situation  would  be  a  large  concentration  of  stacking 
faults  where  both  hexagonal  AB  AB  and  rhombohedral  ABC  ABC  stacking  co¬ 
exist.  More  refined  measurements  would  be  needed  to  completely  clarify 
the  state  of  disorder.  When  tungsten  dlselenlde  is  annealed  at  1200°C 
ordering  of  the  crystal  lattice  of  the  normal  C7  structure  results  as 
indicated  by  sharp  x-ray  lines.  The  ordered  material  viewed  under  the 
microscope  could  be  seen  to  be  made  of  typical  plate-like  hexagons  while 
the  disordered  material  is  amorphous  to  columnar. 

These  materials  have  comparable  stability  limits  to  MoSp  which 
melts  at  ll85°C.  WS2  is  reported  to  decompose  at  1250®C  and  WSe2  was 
found  to  be  stable  to  at  least  1200°C.  WSe2  is  reasonably  stable  in 
vacuum  as  evidenced  by  the  lack  of  a  mirror  deposit  from  a  sample  heated 
at  520°C  for  5  minutes  in  a  vacuum  of  1  x  10“°  mm  Hg.  Platlnlum  and 
nickel  tellurlde,  PtTe2  and  NlTe2,  (Cdl2  structure)  were  tested  and 
found  to  be  poor  lubricants.  This  is  in  spite  of  the  fact  that  a  double 
Van  der  Waal's  layer  is  present  in  these  crystal  structures.  The  stacking 
arrangement  Is  shown  in  Figure  36.  The  non-metal  double  layers  across 
which  Van  der  Waal's  forces  whlcli  are  operative,  are  identical  to  the  M0S2 
case.  There  are,  however,  two  differences  between  the  Cdl2>  C6  structure 
and  the  U0B2,  C7  structure.  The  metal  is  octahedral  coordinated  in  the 
C6  case  and  surrounded  by  a  trigonal  prism  in  the  C7  case.  The  stacking 
sequence  of  metals  Is  A-A-A  In  the  C6  case  and  A-B-A  In  the  C7  case. 

The  NbSe2  structure  was  originally  expected  to  be  of  the  C19 
type  in  analogy  to  NbS2.  Instead  it  was  found  to  be  of  the  C27  type 
analogous  to  TaSg  B  structure.  The  parameters  for  the  hexagonal  cell 
were  found  to  be  a  =  3 *^^3  and  c  =  12.5^  A°.  Here  the  stacking  of 
the  metals  are  AB  AB  like  M0S2,  but  the  coordination  of  the  metal  is 
octahedral  like  Cdl2.  Since  the  material  was  found  to  be  a  good  lubricant, 
the  conclusion  is  that  coordination  of  the  metal  is  unimportant  but  that 
the  A-A-A  chain-like  stacking  of  metals  is  unfavorable  to  lubrication. 

A  new  class  of  lubricants  of  the  type  GaTe  have  been  found. 

Their  properties  are  explainable  in  the  same  terms.  Included  In  this 
class  are  GaSe,  GaS,  InSe,  and  InS.  In  GaTe  the  net  +2  charge  per  Ga 
comes  through  a  (Ga  -  Ga)+^  single  bond.  The  structure  is  believed  to 
be  related  to  the  M0S2  type  with  each  Mo  being  replaced  by  a  Ga  -  Ga 
pair  directed  along  the  c  axis. 
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IV.  FRICTION  AND  VffiAR  STUDIES  ON  COMPOSITES  AND  ALLOYS 


A.  Teat  Procedure 


Self -lubricating  materials  other  than  plastics  must  be  con¬ 
sidered  for  ball  bearing  retainers  when  the  operating  temperatures  in 
the  space  environment  exceed  500  F.  As  part  of  Phase  I  therefore, 
screening  tests  were  made  on  various  material  composites  and  selected 
alloys  to  determine  their  wear  and  friction  characteristics  when 
sliding  on  bearing  steels.  The  tests  were  conducted  in  a  Hohman  tester 
using  the  same  test  procedure  as  that  for  the  evaluation  of  the  plastic 
materials,  except  for  the  test  temperature.  Most  of  the  tests  were  made 
at  a  sliding  velocity  of  23O  ft. /min.  (61+0  rpm)  with  approximately  70^ 
of  the  tests  being  repeated  at  a  sliding  velocity  of  i+6o  ft. /min  (1280 
rpm).  A  temperature  of  1000  F  was  selected  for  all  runs  for  tto  reasons; 
(1)  the  materials  should  be  capable  of  operating,  if  only  for  short 
periods  of  time,  at  this  elevated  temperature,  (2)  the  amount  of  moisture 
or  water  vapor  be  a  minimum  on  or  in  the  vicinity  of  the  block  surfaces. 
The  dry  nitrogen  reduced  formation  of  oxides  and  thus  the  wear  debris 
formed  during  the  test  would  be  somewhat  similar  to  that  occurring  In 
bearings  at  elevated  temperatures  in  a  space  environment.  It  may  be 
possible  that  a  nitride  was  formed,  minor  difference  in  work  hardness 
of  the  debris  occurred,  or  a  small  amount  of  oxide  was  formed  due  to 
oxygen  traces  in  the  commercially  obtained  liquid  nitrogen  used  to  provide 
Ng  gas.  The  flow  rate  of  nitrogen  through  the  Hohman  tester  was  two 
liters  per  minute.  The  amount  of  oxygen  contained  in  120  liters  of 
nitrogen  during  the  one  hour  test  run  was  approximately  0.001  liter. 

Since  these  were  screening  tests,  only  the  bulk  effect  of  friction  and 
wear  properties  was  being  determined  for  selection  of  materials  to  be 
evaluated  in  ball  bearings  in  the  space  chamber. 

B.  Selection  of  Materials 


Many  composites  were  made  using  various  powdered  lubricants 
and  powdered  metals.  The  lubricants  used  w'e.re  carbon-graphite,  antimony 
trisulfide,  iron  sulfide,  zirconium  chloride  and  zinc  sulfide.  The 
powdered  metals  used  were  iron,  nickel,  stainless  steel,  and  cobalt 
alloys.  A  ceramic  material,  zirconium  boride,  was  also  included  in  this 
teat  series. 

Some  of  the  composites  were  impossible  to  make  and  others 
were  made  with  extreme  difficulty.  Composites  made  by  various  organizations, 
and  shown  in  the  following  list,  were  not  successful  because  of  cracking 
or  formation  of  gas  in  the  specimens.  The  specimens  were  pressed  green 
at  various  pressures  and  then  partially  sintered  at  different  temperatures 
for  various  periods  of  time.  Some  were  coined,  others  vere  not. 
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Lubricant 

a  By  Vol.) 

Metal 

By  ■ 

Sb2S2 

20 

Fe 

80 

SbpS? 

10 

Pe 

90 

FeS 

20 

Ni 

80 

SrCl 

10 

Fe 

90 

ZnS 

20 

Ni 

80 

C 

itO 

Fe-Cr  Alloy 
(Type  30I1) 

60 

C 

20 

Fe-Cr  Alloy 
(Type  304) 

80 

C 

10 

Co  Alloy 
(Stellite  31) 

90 

C 

15 

Co  Alloy 
(Stellite  31) 

85 

c 

30 

Co  Alloy 
(Stellite  31) 

70 

None 

CrCo  Alloy 
(Rexalloy  33) 

100 

C 

35 

CrCo  Alloy 
(Rexalloy  33) 

65 

CdS 

16 

FeCr  Alloy 
(Type  316) 

84 

CdFl 

16 

FeCr  Alloy 
(Type  316) 

84 

The  composites  which  were  successfully  made  by  various  organizations 
for  test  are  listed  in  Table  IV.  The  list  also  Includes  the  sintered, 
wrought  and  cast  alloys  ^Ich  were  evaluated  and  cDng)ared  to  the  com¬ 
posite  materials.  Both  3/8"  diameter  x  1"  long  and  2"  diameter  by  2" 
long  cylinders  were  made.  The  Ford  materials  contained  a  small  percent 
of  calelum-sillclde  additions  to  decrease  the  surface  tension  of  the 
liquid  metal  and  improve  the  vjtting  of  graphite. 

Cylinders  of  varying  porosities  to  875^  of  theoretical  density) 

were  made  using  Stellite  alloy  No.  1  powder.  These  materials  were 
pressed  at  various  pressT-ures  into  green  specimens  and  sintered  successfully 
using  large  size  particles  amd  a  modified  processing  technique. 

C.  Test  Resiilts 


The  wear  and  friction  characteristics  determined  for  the  various 
composite  and  alloy  materials  rubbing  against  M-10  tool  steel  or  Lesco 
Bg42  stalnl<!ss  steel  are  listed  in  Table  V.  The  variations  in  the  friction 
values  during  the  test  runs  are  shown  on  Figures  37  to  60.  A  comparison 
of  t.'.  f!  wear  and  friction  characteristics  of  the  composites  and  alloys 
are  shown  in  the  summary  chart.  Figure  6I. 

1.  Iron  Composites 

The  iron-graphite  composites  exhibited  a  range  of  coefficients 
of  friction  that  varied  with  the  iron  and  carbon  content  and  speed.  At  a 
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Eliding  velocity  of  46o  ft.,  min.  the  friction  value  was  lower  than  that 
at  230  ft., 'min.  No  apparent  explanation  is  available  because  only  the 
iron -graphite  cor^osites  and  Fe-Mo-Co  (Clevite  3OOHT)  exhibited  a  signifi¬ 
cant  difference  in  friction  when  evaluated  at  two  different  sliding 
velocities.  In  general,  the  friction  force  was  lowest  when  the  iron- 
graphite  congjosite  contained  40  to  60'o  graphite  uy  volume.  The  iron 
composite  materials  did  not  exhibit  constant  friction  values  during 
the  60  minute  tests.  No  conclusive  correlation  could  be  ?nade  between 
the  variation  of  friction  and  of  wear.  Clevite  30t>HT,  prirmirily  in¬ 
tended  for  use  in  an  oxygen  atmosphere,  exhibited  friction  values  at 
46o  ft. /min.  and  wear  values  at  both  4d0  ft. /min.  and  230  ft. /min.,  in 
the  seme  range  as  those  of  the  iron-graphite  conposites. 

2 .  Nickel  Materials 

The  friction  values  of  nickel -graphite  composites  varied  more  with 
a  change  in  graphite  content  than  did  the  iron -graphite  materials.  Both 
the  plain  and  coined  ^0%  nickel  -  ’JO-jk  graphite  composites  along  with  the 
coined  20'^  nickel  -  Soji  graphite  composite  exhibited  friction  values 
consistently  below  .o3.  After  a  few  minutes  run  in,  friction  was 
stetidy  indicating  continuous  lubrication  for  the  remainder  of  the  test. 

This  includes  tests  which  were  conducted  at  a  temperature  of  l6o‘’F. 

Wear  for  the  three  best  nickel -graphite  conposites  was  .rather  high 
but  comparable  to  some  of  the  iron-graphite  composites.  As  the  nickel 
content  increased,  a  corresponding  increase  was  noted  in  the  rubbing 
friction  value. 

The  addition  of  other  materieils  such  as  zirconium  chloride  or 
zinc  sulfide  to  the  nickel  powders  was  attempted  even  though  these 
materials  were  unstable  or  reactive  with  the  nickel  at  the  high  coining 
temperature.  ZrCl  was  chosen  because  it  had  been  used  as  a  powder  lubricant 
at  temperatures  below  SOO^C.  ZnS  was  selected  because  of  the  low  hard¬ 
ness  of  the  Zn  and  the  possible  lubricating  film  obtained  from  the  sulfide, 
similar  to  the  film  formed  in  extreme  pressure  fluid  lubrication. 

Friction  tests  showed  that  the  composites  made  with  ZnS  or  ZrCl 
adversely  affected  the  coefficient  of  friction  and  also  produced  iiigh 
wear.  Analysis  of  the  test  specimens  using  x-ray  diffraction  revealed 
that  the  Ni-ZrCl  comr/osite  contained  5  to  iO';fl  Zr02.  The  Ni-ZnSg  com¬ 
posite  contained  5  to  10',^  ZnS2  ■  Trace  amounts  of  unknown  cortpounds 
were  also  found  which  must  have  resulted  from  a  reaction  of  the  com¬ 
posite  and  the  container  used  in  melting  the  sanple  in  the  furnace. 

Pure  nickel  and  two  nickel  alloys,  Inconel  X  (Ni-Cr  alloy  with 
aluminum  and  titanium  used  for  precipitation  hardening)  and  Nicrotung, 
were  evaluated  for  frictional  and  wear  characteristics-  and  compared 
to  the  nickel  composites.  A  coefficient  of  friction  of  .'(0  was  obtained 
vdien  the  Inconel  X  block  was  tested  rubbing  against  the  M-10  disk. 

The  friction  value  of  Nicrotung  was  .32  and  was  similar  to  that  of  pure 
nickel.  Wear  of  the  nickel  and  the  nickel  alloys  was  comporable  to  v/ear  of 
the  best  composites  of  ni ckel -graphite . 
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several  of  the  nickel-graphite  composltec  vere  tected  at  l60°F 
for  a  comparison  with  results  at  1000"?.  Friction  was  observed  to  be 
similar  at  a  sliding  velocity  of  230  ft./mln.  for  composites  shown  in 
Figures  44a,  45a  and  b  and  46a  and  b.  However,  wear  was  significantly 
reduced  to  general  values  between  4.0  and  5.5  mm,  a  significant  reduction 
when  compared  to  the  same  materials  tested  at  1000 "F. 

3.  Cobalt  Materials 

Although  cobalt  composites  containing  graphite  were  difficult 
to  produce,  separate  test  specimens  of  and  graphite  were 

made  along  with  other  specimens  containing  85  or  93;^  of  zirconium  boride. 
Cobalt  sintered  alloys  with  different  porosities  were  made;.  Two  of  the 
sintered  porous  cobalt  alloys  after  grinding  to  size  were  impregnated 
with  antimony  trisulflde.  The  results  of  all  the  cobalt  block  tests 
showed  that  the  Co-alloy  (317)  impregnated  writh  antimony  trisulfide 
exhibited  the  lowest  friction  values  and  an  eriuivalent  vrcar  value  when 
compared  to  the  other  cobalt  materials-  The  coefficient  of  friction  of 
the  Co-alloy  317  "as  sintered"  was  twice  that  of  the  Impregnated  317 
material.  Porosity  of  the  "as  sintered"  materials  had  little  effect  on 
friction  or  wear.  The  50p  Co-'jO/,  Carbon  composite,  Figure  54,  had  the 
lowest  friction  and  was  equivalent  in  v;oar  rate  to  the  other  cobalt 
composites.  A  similar  composite  51;;,  Co  alloy  49;',  Carbon, Fi^re  54, 
made  by  a  different  technique  had  a  hlgli  coefficient  of  friction  but  a 
similar  wear  rate.  V/ear  of  all  the  cobalt  materials  was  similar  and 
was  lower  than  any  of  the  other  materials  tested  except  the  stainless 
alloys.  The  best  cobalt -graphite  composites  had  liigher  friction  values 
than  the  best  of  the  N1 -graphite  composites  (30/)  hi  -  70, «  C  and  20/,  N1  - 
80/  C)  and  the  Fe  -  C  composites  (tented  at  230  ft./mln.).  Ihe  cobalt 
composites  containing  00/  or  90/>  of  zirconium  boride  had  a  high  co¬ 
efficient  of  friction  but  low  wear.  The  cobalt  alloy,  Stellite  31, 

Figure  56b  had  a  higher  friction  value  than  fuiy  of  tlie  sintered  alloys 
or  sintered  composites  materials  excepting  sintered  alloy  150-1  and 
the  cobalt -sirconlum  boride  composites. 

4.  Stainless  Steels 

A  group  of  04/  Fe-Cr  alloy  lu/  graphite  Flgirro  57a,  58/  Fe-Cr 
alloy  -  42;',  potassium  tltanatc  composite^  were  made  and  compared  to 
four  Fc-Cr  alloys,  Lesco  BG^f2,  Lesco  BFlo,  lycsco  BC/ll,  and  type  304 
stainless.  The  friction  values  for  the  steel -graphite  composites  were 
similar  to  that  of  the  best  stainless  steel  wrouglit  alloy,  BC>42.  The 
friction  of  the  stainless  steel-potassium  titanate  was  extremely  high. 
During  storag'^  after  test,  a  whitish-yellow  dust  continued  to  exude  from 
the  test  specimen.  An  analysis  of  the  po\/der  using  x-ray  diffraction 
teclinlques  revealed  the  material  to  be  elemental  potassium.  The  friction 
and  wear  of  BG^t2  in  an  Argon  atmosphere  w'as  similar  to  the  values  obtained 
in  a  nitrogen  atmosphere. 
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V.  CONCLUSIONS 


1.  Solid  dry  materials  were  successfully  evaluated  for  wear  and 
friction  characteristics  in  a  dry  nitrogen  atmosphere  under  loads  and 
sliding  velocities  simulating  the  conditions  of  retainer  components  or 
dry  powder  lubricants  used  in  bsLll  bearings  for  2  to  7  HP  electric 
hoist  motors. 


2.  Of  the  thermoplastic  and  carbon  materlsds  evaluated,  the  poly- 
tetrafluoroethylene  Inqjregnated  carbon -graphite  and  the  polytetrafluoro- 
ethylene  reinforced  with  glass  fiber  and  filled  with  molybdenum  disulfide 
powder  exhibited  the  most  satisfactory  friction  and  wear  characteristics. 
However,  the  lnqjregnated  carbon -graphite  materials  must  be  excluded  from 
consideration  as  bearing  retainer  components  in  this  program  because  of 
insufficient  impact  strength. 

3.  Molybdenum  disulfide,  molybdenm  dlselenide  and  tungsten 
dlselenlde  powders  exhibited  satisfactory  friction  and  wear  character¬ 
istics  when  used  to  lubricate  bearing  steels  sliding  on  each  other. 

Graphite  was  also  a  satisfactory  lubricant  but  exhibited  higher  wear 

than  the  three  aforementioned  powders  at  1000 **?.  Metal  surfaces  lubricated 
with  an  antimony  trlsulflde  exhibited  low  wear  and  friction  characterlsties 
when  either  the  dry  powder  or  the  powder  in  the  molten  state  or  solidified 
state  was  used. 


4.  Many  composites  were  found  to  have  either  desirable  wear  or 
friction  characteristics  but  no  one  cozt^osite  exhibited  both  low  wear 
and  low  friction  values.  Of  the  iron,  nickel  cobalt  or  iron -chrome 
metal  based  composites  a  koj,  iron  -  6^  carbon  (carburized),  a  205t  nickel  - 
805^  carbon  (coined)  and  porous  cobalt  base  alloy  impregnated  ^rtth  antimony 
trisulfide  show  sufficient  promise  for  further  evaluation  in  Phase  III 
bearing  tests.  A  modified  stainless  steel  alloy  Lesco  BG  shows  sufficient 
merit  to  cQ-SO  be  Included  in  the  bearing  evaluation. 
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♦Polyt  etr-^f  Itioroethylene 
**Polyc  hlorotrlf luoroethylene 


TABLE  III 


WEAR  AND  FRICTION  CHARACaTSHISTICS  OF 
POWDERS  IN  A  IirmOGEN  ATMOSPHERE 


Powders  used  as  lubricant  between  BO  42  or  M-10  block  rubbing 
on  M-10  disk  at  sliding  velocity  of  230  feet  per  minute 


Curve 

Powder 

Ave. 

Ave , 

Reference 

Test 

Melting* 

Crystal 

Test 

Coef .  of 

Wear** 

Block 

(Fig.  No.) 

Powder 

Point  (°C) 

Structure 

Temp.(“c) 

Friction 

(mm) 

Material 

15a 

MoSg 

1185 

4 

Hex . 

1000 

.05 

P 

M-10 

15a 

MoSj 

1185 

Hex.  D^h 

1000 

.04 

p 

BG  42 

15b 

M0S2 

1185 

Hex.  D^n 

160 

.03 

P 

H-10 

15b 

MoSg 

1185 

Hex.  D^^ 

160 

■  03 

P 

BO  42 

l6a 

Graphite 

3652s 

Hex.  D^h 

J.000 

.10 

0.5 

BG  42 

lob 

Graphite 

3652s 

Hex. 

160 

.04 

0.2 

BG  42 

17a 

CaSO) 

4 

685 

17 

Rhombic  V|j 

1000 

.54 

0.2P 

M-10 

17a 

CaS04 

685 

Ri.ombic 

1 000 

•  52 

0.2P 

BG  42 

17b 

CaSO^ 

685 

Rhombic 

160 

.47 

0.2P 

BG  42 

i’.'b 

CUSO4 

005 

Riionbic 

ri 

160 

•  35 

0.2P 

M-10 

loa 

RiiSbg 

- 

Ortho  Dg® 

1000 

.42 

1.2 

BG  42 

13b 

BN 

30003 

Hex. 

1000 

.67 

2.0 

BG  42 

iya 

PbCl'O^ 

out 

Mi.iiiool .  Dgjj 

1000 

•25 

0.5 

M-10 

i9a 

PbCr04 

844 

Honocl .  d|j^ 

1000 

•  31 

0.6 

BG  42 

lyb 

PbCr04 

844 

Monocl .  Dgjj 

160 

.21 

0.2P 

M-10 

19b 

PbCr04 

844 

Mo.nocl .  Dgjj 

160 

.21 

0.2P 

BG  42 

20a 

PbS 

1120 

Cubic 

1000 

.28 

0.2P 

M-10 

20a 

PbS 

1120 

Cubic 

h 

1000 

.28 

1-3+ 

BG  42 

20b 

PbS 

1120 

Cubic  d5 
n 

160 

.37 

C.2P 

M-10 

20b 

PbS 

1120 

Cubic 

n 

160 

.42 

0.5 

BG  42 

21a 

Sb^S^ 

550 

16 

Rhombic  Dgj, 

1000 

.12 

0.2P 

M-10 

21a 

Sb2S3 

550 

Rhombic 

1000 

.10 

0,2P 

BG  42 

21b 

Sb^S^ 

550 

16 

Rhombic  D2jj 

160 

.14 

0.2P 

M-10 

21b 

S  ^2^  ^ 

550 

16 

Rhombic  02^^ 

16c 

.17 

0.2P 

BG  42 
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^I^LE  III  (Continued) 


Curve 

Reference  Test 

(Fig.  No.)  Powder 

Powder 
Melting* 
Point  ("O 

Crystal 

Structure 

Test 

Tamp.C’F) 

Ave. 

Coef.  of 
Friction 

Ave. 

Wear** 

(nm) 

Block 

Material 

22a 

MgSOij, 

1124 

Rhombic 

1000 

.5 

0.2 

M-10 

22a 

MgS04 

1124 

Rhombic 

1000 

.45 

0.6 

BO  42 

22b 

MgS04 

1124 

Rliomblc 

160 

.31 

0.2P 

M-10 

22b 

M6SO4 

1124 

Rhombic 

160 

.5 

0.3 

BO  42 

23a 

BaF  2 

1280 

Cubic  0^ 

1000 

.53 

1.1 

M-10 

23a 

BsFg 

1280 

Cubic  0? 

h 

1000 

.50 

0.9 

BO  42 

23b 

BaFg 

1280 

Cubic  0^ 

160 

■25 

0.6 

M-10 

23b 

B8F2 

1280 

Cubic  0^ 

160 

.21 

0.6 

BO  42 

24a 

Agl 

552d 

Hex .  Cgy 

1000 

.22 

0.2P++ 

M-10 

24a 

Agl 

552d 

Hex.  C^v 

1000 

.19 

0.2P++ 

BO  42 

24b 

Agl 

552d 

Hex. 

160 

.17 

0.2P 

M-10 

24b 

Agl 

552d 

Hex. 

160 

.42 

0.2P+ 

BO  42 

25a 

AgBr 

434 

Cubic  0^ 

1000 

.31 

0.2P 

BO  42 

25b 

KTiOj 

- 

1000 

.84 

2.4 

BO  42 

26a 

MnTe 

500 

Hex.  dJj, 

1000 

.28 

1.2 

BO  42 

26b 

MnSc 

700 

Cubic  0^ 

1000 

.31 

1.7 

BO  42 

27a 

NlTCg 

700 

Hex. 

3d 

1000 

.20 

1.4 

BO  42 

27b 

PtTe^ 

700 

Hex.  d3^ 

1000 

.47 

0.7+++ 

BO  42 

26a 

FeTe2 

700 

Ortho 

1000 

.31 

■1-3 

BO  42 

28b 

GaTe 

824 

Hex. 

1000 

.21 

0.2 

BO  42 

29a 

0sTe2 

600 

Cubic  T^ 

1000 

.33 

2.1 

BO  42 

29b 

CdClg 

Cubic 

1000 

■17 

0.6+ 

BO  42 

30a 

WSe2(319P) 

1200 

Hex.  Dgh 

1000 

.03 

P 

M-10 

30a 

WSe2(519P) 

1200 

Hex. 

1000 

.02 

P 

60  42 

30b 

WSe2(519P) 

1200 

Hex.  Dgj, 

160 

.02 

P 

M-10 

30b 

WSe2(519P) 

1200 

Hex. 

160 

.03 

P+ 

BO  42 

1-17 


31b 

0aTe(6l9P) 

824 

Hex. 

l6o 

.13 

p 

BO  42 

32a 

MoSe2( 551Y) 

1200 

Hex.  4 

1000 

.03 

p 

M-10 

32b 

MoSe2(551Y) 

1200 

Hex. 

6h 

i6o 

.02 

p 

M-10 

33a 

NbSe2(54'rti) 

annealed 

8oo 

Hex. 

1000 

.07 

0.2P 

M-10 

33b 

NbSe2(547M) 

annealed 

800 

Hex. 

l6o 

.06 

P 

M-10 

34a 

WSe2(544j) 

annealed 

1200 

Hex. 

1000 

.04 

P 

M-10 

34b 

WSe2(344j) 

annealed 

1200 

^6h 

i6o 

.06 

P 

M-10 

tPowdcr  ceased  to  flov  during  test  run 
t+Powder  melted 

+++Test  ended  sifter  five  minutes 

^Letter  "S"  Indicsteo  materisU.  Bublimes  rather  than  melts 
**Letter  "P"  Indicates  surface  was  polished  rather  than  scarred 


1-18 


TABtS  IV 
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TABLE  V 


WEAR  AND  FRICTION  CHARACTERISTICS  OF  COMPOSITES 
AND  ALLOYS  IN  A  NITROGEN  ATMOSPHERE 


Materials  evaluated  as  test  blocks  rubbing  against 
a  rotating  M-10  tool  steel  disk  for  a  one  hour  teat  period 


Curve 

Material 

Sliding 

Ave. 

Total 

Reference 

Conjjositions 

Velocity 

Coef.  of 

Wear 

(Fig.  No.) 

by  Vol. 

L 

(ft/mln) 

Friction 

(mn) 

3Ta 

84 

Fe 

-  16 

C 

460 

.28 

7-2 

37a 

84 

Fe 

-  16 

C 

230 

•32 

7.4 

37b 

70 

Fe 

-  30 

c 

46o 

.19 

7-0 

37b 

70 

Fe 

-  30 

c 

230 

.23 

6.6 

38a 

70 

Fe 

-  30 

c 

460 

.22 

5.9 

38a 

70 

Fe 

-  30 

c 

230 

.24 

6.0 

38b 

65 

Fe 

-  35 

c 

46o 

.18 

3-0 

38b 

65 

Fe 

-  35 

c 

230 

.21 

2.8 

39a 

50 

Fe 

-  50 

C  HT 

460 

.14 

4.0 

39a 

50 

Fe 

-  50 

C  HT 

230 

.20 

3.6 

39b 

50 

Fe 

-  50 

C 

46o 

.14 

4.0 

39b 

50 

Fe 

-  50 

C 

230 

.17 

3.6 

LOa 

40 

Fe 

-  60 

C  HT 

460 

.09 

3.4 

1+Oa 

40 

Fe 

-  60 

C  HT 

230 

.18 

3.7 

40b 

40 

Pe 

-  60 

C 

460 

.12 

4.0 

UOb 

40 

Fe 

-  60 

C 

230 

.20 

3.7 

Lla 

30 

Fe 

-  70 

C  HT 

460 

.13 

4.2 

4la 

30 

Fe 

-  70 

C  HT 

230 

.28 

4.0 

4lb 

30 

Fe 

-  70 

C 

46o 

.21 

4.2 

4lb 

30 

Fe 

-  70 

C 

230 

.25 

3.9 

42a 

60 

Fe 

-  18 

Mo  -  18  Co  -  BT* 

460 

.24 

3.4 

42a 

68 

Fe 

-  18 

Mo  -  18  Co  -  HT* 

230 

.44 

2.9 

42b 

68 

Fe 

-  18 

Mo  -  18  Co  (in  Argon)* 

46o 

.20 

2.8 

42b 

68 

Fe 

-  18 

Mo  -  18  Co  (in  Argon)* 

230 

- 

- 

43a 

65 

N1 

-  35 

C 

46o 

. 

• 

43a 

65 

Ni 

-  35 

C 

230 

.33 

10.2 

43b 

60 

Ni 

-  40 

C 

460 

.28 

14.3 

43b 

60 

Ni 

-  40 

C 

230 

.30 

15.8 

44a 

50 

Ni 

-  50 

C  (c) 

460 

.25 

10.0 

44a 

50 

Ni 

-  50 

c  (c) 

230 

.25 

11.0 

44b 

50 

Ni 

-  50 

c 

46o 

.30 

17.1 

44b 

50 

Ni 

-  50  c 

230 

.28 

15.2 

1-22 


TABLE  V  (Continued) 


Curve 

Material 

Sliding 

Ave. 

Total 

Reference 

Coitpoaltions 

Velocity 

Coef.  of 

Wear 

(rig.  No.) 

(i  by  Vai . ) 

(fWmln) 

Friction 

(m») 

45* 

40  Ni  -  60  C  (C) 

46o 

.20 

11.0 

45a 

4o  Ni  -  60  C  (C) 

230 

.18 

9.4 

45b 

4o  K1  -  60  C 

46o 

.23 

14.1 

45b 

4o  Ni  -  60  C 

230 

.22 

12.0 

46a 

30  Mi  -  70  C  (C) 

46o 

.10 

11.0 

46a 

30  Ni  -  70  C  (C) 

230 

.07 

6.5 

46b 

30  Ni  -  70  C 

46o 

.12 

9.0 

46b 

30  Mi  -  70  C 

230 

.07 

6.9 

47a 

20  Ni  -  80  C  C 

46o 

.06 

5.3 

47a 

20  Ni  -  80  C  C 

230 

.05 

6.0 

47b 

20  Ni  -  80  C 

46o 

.07 

6.1 

47b 

20  Ni  -  80  C 

230 

.09 

6.6 

48a 

81  Ni  -  19  2n  S 

46o 

.45 

10.7 

48a 

81  Ni  -  19  Zn  S 

230 

- 

48b 

65  Ni  -  35  Zn  S 

460 

.42 

9.6 

48b 

65  Ni  -  35  Zn  S 

230 

- 

49a 

V4  Ni  -  26  Zr  Cl 

46o 

.42 

10.2 

49a 

74  Ni  -  26  Zr  Cl 

230 

- 

- 

49b 

Hi** 

46o 

•31 

2.6 

49b 

Ni** 

230 

- 

50a 

76  Ni  -  15  Cr  Alloy* 

46o 

.70 

5.1 

50a 

76  Ni  -  15  Cr  Alloy* 

230 

- 

50b 

6],  Ni  -  12  Of  Alloy* 

46o 

.27 

4.0 

50b 

61  Ni  -  12  O  Alloy* 

230 

.31 

3.4 

51a 

Co  Alloy  313  -  Porous 

460 

51a 

Co  Alloy  313  *  Porous 

230 

.'34 

2.9  . 

51b 

Co  Alloy  313  -  Porous  Sb293  Coating 

46o 

51b 

Co  Alloy  313  -  Porous  SbgSj  Coating 

230 

.28 

3.0 

52a 

Co  Alloy  150  C  -  Porous 

46o 

52a 

Co  Alloy  150  C  -  Porous 

230 

.46 

2.4 

52b 

Co  Alloy  317  -  Porous 

46o 

52b 

Co  Alloy  317  -  Porous 

230 

.38 

2.1 

53a 

Co  Alloy  317  -  Porous  Sb2S3  Coating 

460 

53a 

Co  Alloy  317  -  Porous  SbgSj  Costing 

230 

.15 

2.1 

53b 

70  Co  Alloy  -  30  C 

46o 

.23 

2.5 

53b 

70  Co  Alloy  -  30  C 

230 

.28 

3.3 
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TABLE  y  (Continued) 


Curve 

Material 

Reference 

ContioBltlons 

(Pig.  No. ) 

by  Vol.) 

54a 

5X  Co  Alloy  -  49  C 

^4a 

51  Co  Alloy  -  49  C 

54b 

50  Co  Alloy  -  50  C 

54b 

50  Co  Alloy  -  50  C 

55a 

15  Co  -  O5  SrBr 

55a 

15  Co  -  85  ZirBr 

55b 

7  Co  -  93  ZrBr 

55b 

7  Co  -  93  2rBr 

5ba 

Co  Alloytf* 

56a 

Co  All0jHH» 

56b 

Co  Alloy* 

56b 

Co  Alloy* 

57a 

60  Fe-Cr  Alloy  -  40  C 

57a 

60  Fe-Cr  Alloy  -  40  C 

57b 

58  Fe-Cr  Alloy  -  42  KTiOa 

57b 

58  Fe-Cr  Alloy  -  42  ICPIO3 

58a 

Fe-Cr  Alloy  m6** 

58e 

Fe-Cr  Alloy  BOI6** 

50b 

F«-Cr  Alloy  BOll** 

58b 

Fe-Cr  Alloy  BOll** 

59a 

Pe-Cr  Alloy  BG42** 

59a 

Pe-Cr  Alloy  B042** 

59b 

Fe-Cr  Alloy  B042**  (Argon) 

59b 

Fe-Cr  Alloy  B042**  (Argon) 

6oa 

Pe-Cr  Alloy  (TVpe  304)** 

Sliding 

Ave. 

Total 

Velocity 

Coef.  of 

Wear 

(ft/min) 

Friction 

(an) 

46o 

•  30 

2.8 

230 

- 

- 

46o 

.22 

2.2 

230 

.22 

2.5 

46o 

. 

230 

.48 

1.2 

46o 

230 

•49 

1.6 

46o 

•37 

2.9 

230 

.38 

2.7 

46o 

.38 

1-9 

230 

.39 

1.9 

46o 

.21 

5.1 

230 

•23 

4.6 

46o 

230 

■  31 

2.7 

460 

•  39 

1.7 

230 

.44 

1.7 

460 

•  31 

5.1 

230 

•  27 

4.2 

46o 

•23 

1.5 

230 

.28 

1.2 

46o 

.24 

2-3 

230 

•  21 

1.5 

460 

.7  -  1.0 

7.7 

'*Conpoeltlon  on  a  ^  by  vt.  basis 
♦•Deposited,  cast  or  vrou^t  alloy 
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FIGURE  1 


CLOSE  UP  OF  WEAR  AND  FRK 
TO  EVALUATE  DRY  ^ 


1-25 


TESTER  USED 


o  o 

-3-  r-t 


o  o  o 

CJ  r-^ 
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FIGURE  2b 


Block  -  Nylon -20^b  C  filler 


Mlnvites  FIGURE  3b 


Block  -  Nylon 


FIGURE  5b 


FIGURE  7b 


Fleas  8b 


FIGORE  lib 


FIGDRE  13b 


1 


summ  OF  WEftH  Am  toctioh  data  om  plastics 


Plutle*  evtluated  M  teat  blocka  rubbing  ngainat 
a  rotating  M-10  tool  steel  disk  In  a  dry  nitrogen 
atmosphere . 


Curve 

Teet 

Sliding 

Velv 

Coefficient  of  Friction 

Ref. 

Test 

Temp. 

(ft./ 

0  .1 

.2  .3 

.4  .5 

(Fig.  Ho.: 

Material 

Oj. 

min. ) 

2a 

Rylon  +  40^  MoSs 

l6o 

46o 

■ 

2a 

Rylon  *  409  MoSg 

66 

46o 

■ 

2b 

Rylon  +  4(9  HoSp 

160 

230 

Bi 

2b 

Rylon  *  409  MoSg 

66 

230 

wma 

3* 

Rylon  t  209  C 

160 

4£o 

3b 

Rylon  *  209  0 

66 

46o 

■MB 

3b 

Nylon  *  209  C 

160 

230 

3b 

Rylon  *  2o9  C 

86 

230 

Rylon 

160 

4G0 

wC>s6  V 

Rylon 

66 

<  am 

4b 

Nylon 

l6o 

230 

■mC>.6w 

4b 

Rylon 

86 

230 

■■^.6  M 

5a 

PTFE*  +  Mlea 

l6o 

U60 

e 

5a 

Prin  +  Mica 

66 

460 

5t' 

POTE  +  Mica 

160 

230 

■ 

PTFll  *  Mica 

86 

230 

■■■■1 

U 

fTFE  *  Ceramic 

l6o 

U6o 

mmmamtm 

6a 

FTFE  t  Ceramic 

66 

460 

6b 

PTFE  +  Ceramic 

l6o 

230 

6b 

‘f  CaraBle 

66 

230 

7a 

PTFE  +  OF**  +  NoSp 

l6o 

460 

m 

7a 

PWE  ♦  GF  ♦  MoSg 

86 

46o 

m 

7b 

Pm:  +  OF  ♦  MoSp 

l6o 

230 

7b 

PTFE  +  OF  +  MoSg 

86 

230 

m 

8ai 

PTFE  *  Olass  Cloth 

l6o 

U60 

Sa 

PTFE  +  Olass  Cloth 

66 

46  0 

6b 

PTFE  4  Olass  Cloth 

160 

230 

8b 

PTFE  4  Olass  Cloth 

66 

9a 

PTTCE*** 

i6o 

^0 

■■a,^  mm 

9b 

PTFCE 

66 

230 

SM.56  m 

10a 

C  (Hard)  4  PTFE 

l60 

4£0 

• 

10a 

C  (Hard)  4  PTFE 

86 

46o 

■i 

lOb 

C  (Hard)  4  PTFE 

i6o 

230 

fli 

lOb 

C  (Hard)  4  PTFE 

db 

230 

■ 

11a 

C  (Med.  S)  4  PTFE 

i6o 

46o 

■ 

11a 

C  (Med.  S)  4  PTFE 

86 

460 

m 

lib 

C  (Med.  S)  4  PTFE 

l6o 

230 

• 

11b 

C  (Med.  S)  4  PTFE 

86 

230 

■ 

12a 

Polypropylene 

l6o 

46o 

12a 

Polypropylene 

86 

46o 

■"^.6  •< 

12b 

Polypropylene 

l6o 

230 

■■■>6  m 

12b 

Polypropylene 

86 

230 

■■>^6  am 

I3a 

Chlor.  polyether 

l6o 

460 

aammammm 

«>.6  va 

13a 

Chlor.  polyether 

86 

460 

■•■>.6  am 

13b 

Chlor.  polyether 

l6o 

230 

13b 

Chlor.  polyether 

66 

230 

•■>6  ves 

*FT1T  designates  polytetraf luoroethyleoe . 

**(}F  designates  glass  fiber. 

***PTreB  designates  polychlorotrifluoroethylene. 


Average  Wear/sss 
0  I.O  2.0  3.0  1».0 

I  II-  li  11.  I  . .  III 
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Failure 
Failure 
Failure 


Failure 

Failure 

Failure 

Failure 

Failure 

Failure 

Failure 

Failure 
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Minutes  FIGURE  20b 
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FIGURE  21b 


mmites  FIGURE  2aa 


JO  q.uvjojjjtoo 


f— 1 

0) 

0) 

S"T 

n 

r-i  Os 

cn  0 

CVJ 

J.  <.5 

0 

0 

LTV  U\ 

(t, 

s  m 

0 

0 

p4  d 

•  • 

s 

1 

S 

m 

OJ 

pH 

0  • 

1 

pH 

i 

« 

1h  ^ 

1 

4^  • 

1 

^  • 

P>4 

0 

StJ 

I 

>  c 

0 

u 

1 

•H 

c 

0  •H 

1) 

M 

8 

• 

^  ‘H 

*§ 

8 

M 

CO 

*d  ^ 
•H  • 

■  §• 

•  Pt4 

bO 

0 

H 

H  +J 

0 

0  0 

>  u 

Pu 

0 

Q 

CO  Vt 

Eh 

CO->H 

<  0 

u 

a> 

fO 

u 

> 

0 

0 

H 

Pu 

(Q 

uoT?.OTai  JO  cvuufoujaoo 


uof^ofai  JO  i-UBtoTjjaoo 


FIGURE  23b 


FIGURE  25b 
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Minutes  FIGURE  ESa 


Powder  -  GaTe 


uoiq.9iaj  JO  q.uai3ijjBoo 


Powder  -  WSeg  (519?) 
BlocX  -  G  M-10 


uoT?.o|.*i  SO  5.u8T0TJJ»o0 


Wfiojii  JO  !t.u»T=TJJ®oO 


FIGURE  30t> 


JO  ^uaioTJjaoo 
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FIGURE  33l> 


Powder  -  WSeg  (5**^J) 
Annealed 


FIGURE  3>»b 


SUMMARY  OF  WEAR  AMU  FHJCTION  DATA  WITH  DRY  PWDERS 


Povd«ra  were  ev&luiiLcHl  h.a  lubricant*  rubbing  against 
various  block  materlale  and  an  M-10  tool  steel  disk 
at  a  sliding  velocity  of  230  ft. /min.  In  a  dry  nitrogen 
ataoaphere. 


Cun. 

Teat 

ncreniK* 

Teat 

Teap. 

Block 

(Fl«.  Ho. ) 

Material 

<*P 

15» 

HoSS 

1000 

BG42 

15» 

MoS2 

1000 

MIO 

15b 

M082 

160 

6042 

15b 

MoSg 

160 

HIO 

16« 

Oraphite 

1000 

l6b 

Graphite 

1^0 

KIO 

17» 

CaSOb 

1000 

6042 

17. 

CaSOii 

1000 

MLO 

17b 

CaSOb 

160 

B042 

17c 

CaSOb 

160 

HIO 

18. 

RhSbo 

1000 

B042 

I8b 

BR 

1000 

6042 

19. 

FbCrOb 

1000 

MiU 

19. 

PbCrOb 

1000 

6042 

19b 

FbCrOb 

160 

HIO 

19b 

PbCrOb 

160 

6042 

20. 

PbS 

1000 

KIO 

20. 

Pb8 

1000 

6042 

20b 

PbS 

160 

HIO 

20b 

PbS 

160 

B0*l2 

21. 

SboS^ 

1000 

MJO 

21. 

1000 

6042 

21b 

Sb^Sv 

160 

MIO 

21b 

8b2S| 

160 

6042 

22. 

MgSOf 

1000 

MJIO 

22. 

MgSOb 

1000 

6042 

22b 

MgSOb 

160 

KIO 

220 

MgSOb 

160 

6042 

23. 

BaP2 

1000 

MIO 

23. 

BaFB 

1000 

6042 

a  3b 

Bara 

160 

HIO 

23b 

BaF!2 

160 

6042 

24. 

Agl 

1000 

MIO 

24. 

AgX 

1000 

6042 

240 

Agl 

160 

mo 

24b 

Agl 

160 

6042 

25. 

A^r 

1000 

6042 

25b 

KTlOv 

1000 

6042 

26. 

MnTe 

1000 

6042 

26b 

KnSe 

1000 

6042 

27. 

HlTe2 

1000 

BC42 

270 

PtTes 

1000 

6042 

28. 

PeTe 

1000 

3042 

28o 

GaTe 

1000 

6042 

29. 

OsTe 

1000 

6042 

29b 

CdCl2 

1000 

BQ42 

30. 

uses 

1000 

mo 

30. 

uses 

1000 

6042 

30b 

use? 

160 

mo 

30b 

US«2 

160 

6042 

31. 

GaTe 

1000 

mo 

31. 

Qa1*e 

1000 

6042 

31b 

GaTe 

160 

mo 

31b 

GaTe 

160 

6042 

32. 

MoSeS 

1000 

mo 

32b 

MoSe? 

160 

mo 

33. 

NbStS 

1000 

HIO 

33b 

HbSeg 

160 

mo 

34. 

WSeo 

1000 

mo 

34b 

UBe2 

160 

mo 

Coefficient  of  Friction 
0  .1  .2  .3  .**  .5 

I _ I _ I _ L _ I _ I 


.84 


Av.ng.  WMr/n 

0  Oilt  0.8  1.2  l.fi  2.0  2.4 


U.J  I  I  I  I  1  I  M  I  I 


a  P 

■  P 

■  P 

■  P 


■  P 

■  P 

■  P 

■  F 

•  P 

■  P 

■  P 
•P 

•  P 

■  P 

■  P 
«P 

■  P 


FIGURE  35 


1-59 


MoSj<C7)  CdljICW  NbS«2(CZ7) 


SCBQMTZC  BEPRESaroVTlCW  OF  CRTSX/U.  STEUCTURES  OF  MoSg,  Cdig,  AND  iniSe2 

•  METAL 
O  N<^  METEAL 


figure  36 


1-60 


FIGURE  37b 


M-10  steel 


aotq.s'p;!  jo  ^asiioTJjMO 


uoT^OTij  JO  ^uaiOTJjaoo 


ttLoutes  FIGURE  38b 


FIGUHE  39b 


uoTS.o'Pa  JO  ^naTTTJ^^aoo 


JO  ^uajojjjaoo 


FIGDHE  1^5b 


0.40 


O 

M 


UOT^OT-M  JO  »U9T!>TJJ800 


1-70 


FIGURE  47b 


FIGURE  kBb 


PTGUKE  50b 


FIGURE  5Ib 


Block  -  Co  Alloy  15O  C 
Porcu;: 


FIGURE  52b 


FIGURE  53b 


Block  -  51  Co  Alloy  -  Up  C 


FIGURE  5Ub 


FIGURE  57b 


Block  -  Fe-Cr  Alloy  BGll 


Avg.  Coef 
of  Frict. 


Alloy  BG42 


UOTWMJ  JO  ^uaiOTJJOOO 


noT^OTai  JO  !»ii8ToTJJ»oo 


1 


mftmirr  ftfLWFAH  <kKD  FWTO?I<y  oh  -.rwvw^'n  AK-i  ALLOYS 


M«t»rUU  tvAluat»<l  M  tait  liiorkA  rubblni{  *.  •  rotating 

M«10  tool  ■tael  disk  in  &  <li^  uisuophere  >\t  1000°P. 


aiidlng 

Curve 

Teit 

Vel 

Reftraocc 

Materiel 

(ft./ 

0 

(ru.  ««. 

llmJ 

■tn, ; 

Lmm 

37* 

6b  Fe 

-  16  C 

b60 

37* 

6b  Fe 

-  16  C 

2vy 

■■ 

37b 

70  Fe 

30  C 

b6> 

3rb 

70  Fe 

30  c 

230 

5?* 

70  Fe 

30  c 

bftC 

wm 

70  Fe 

30  c 

230 

3^ 

65  rt 

35  C 

b6o 

366 

65  Fe 

35  C 

230 

OMI 

39» 

30  Fe 

50  C  HT 

b60 

39* 

30  Fe 

50  C  HT 

230 

39b 

50  Fe 

50  C 

bfO 

3$t> 

30  Fe 

50  C 

230 

■■I 

60l 

bO  Fe 

60  C  HT 

b6o 

■H 

60% 

bO  Pe 

6a  r  ht 

230 

kOb 

bo  Fe 

60  C 

b6o 

SM 

bob 

bo  Pe 

60  C 

230 

hU 

30  Fe 

70  C  HT 

b6o 

6U 

30  Fe 

70  C  HT 

230 

— 

bib 

30  Ft 

70  C 

b6c 

bib 

30  Fe 

70  C 

230 

BR 

':2a 

68  F« 

Id  Ho  •  16  Co  BT 

060 

on 

b2a 

66  Fe 

16  Ho  •  16  Co  ur 

230 

b2b 

68  F« 

16  Ho  >  16  Co  (Argoo) 

b60 

PH 

b3d 

63  X> 

35  C 

230 

bjb 

60  Ki 

bo  C 

h6o 

b3b 

60  Ni 

bo  C 

230 

mm 

bba 

50  Nl 

50  C  C 

b6o 

BRI 

>0  Kl 

>0  C  C 

2M) 

Ub 

5U  Si 

>'•  C 

bov 

ua 

bbb 

50  HI 

50  c 

230 

bte 

bo  HI 

60  c  c 

bCC, 

MM 

b5« 

bO  HI 

60  C  C 

P30 

U5b 

bo  HI 

60  c 

b6o 

PS 

b5b 

bO  Ki 

60  c 

230 

b6a 

30  HI 

70  C  C 

b6o 

■■■1 

b6a 

30  Nl 

70  C  C 

230 

na 

b6b 

30  HI 

70  C 

b60 

earn 

b6b 

30  HI 

70  C 

230 

•a 

b7a 

20  Hi 

Go  C  C 

bOO 

mmm 

b7a 

20  Hi 

»'.C  C  A 

230 

bTb 

20  Nl 

e<.  c 

exae 

b7b 

20  Hi 

00  c 

230 

b6a 

61  Hi 

19  Zns 

b60 

mu 

b^ 

65  HI 

35  2nC 

U(^ 

b9* 

7b  hi 

36  ZrCl 

buo 

b9b 

Nl 

bfVi 

mmm 

50i 

76  Ht 

15  Cr  alloy** 

b6o 

mmm 

50b 

61  HI 

12  Cr  elloy** 

b6o 

mmm 

5Cb 

6}  HI 

12  Cr  alloy** 

230 

mmm 

5U 

Oo  oltoy  (313)  P'^rvu* 

*  K 

51b 

Co  alley  (313)  Porouii  r>b^3 

230 

52a 

Co  alley  I50-I 

230 

m 

52b 

Co  alloy  317 

230 

COM 

53* 

Co  elloy  (317)  ♦  Sbg:!, 

230 

mmm 

53b 

70  Co  alloy  .  30  C 

b6c 

swmm 

53b 

70  Co  alloy  -  39  c 

230 

tmm 

5b4 

51  Co  alloy  -  b9  c 

b6o 

5bb 

50  Co  alloy  -  50  C 

b6c 

O^M 

5bb 

50  Co  alloy  -  50  C 

230 

mmm 

55a 

15  Co 

By  Zrpr 

230 

mmm 

55b 

7  Co 

93  ZrBr 

230 

mmm 

56a 

Co  alloy 

b6<} 

1 - 

56a 

Cc  alloy 

230 

■M 

56b 

Co  nllo;/  X 

b60 

56b 

Co  alloy  X 

230 

mmmm 

57a 

60  FeCr  alloy  -  bO  C 

b6o 

5Ta 

6c  Peer  alloy  •  bo  C 

230 

MM 

5Tb 

5fl  F^r  alloy  .  b2  k^tio^ 

230 

56a 

Fe-Cr  alloy  B016**  ^ 

b60 

5aa 

F*^r  a 

Hoy  BCl6** 

230 

58b 

Fe-Cr  aUo)  aail*^ 

b6o 

5db 

Fe-Cr  alloy  Boll** 

230 

OBH 

59* 

Fe-Cr  alloy  BCbS** 

b60 

tmm 

59a 

Fe-Cr  alloy  BGb2*« 

230 

59b 

Fe-Cr  e 

Hoy  BCb2  (Argon }•* 

b60 

59b 

Fe-Cr  e 

Hoy  BCb2  (Argon)** 

?30 

oaoR 

6fl» 

Fe-Cr  a 

Hoy  (Type  3C4)** 

b60 

mmm 

;-oefflclpftt  of  Friction 
.1  .?  .3  .J» 

-«J _ I _ I _ L 


.5 

j 


*  4  rogc  k'ear f  me 
0  0.2  O.lt  0.6  0.8  1.0 
Li  t  1  i  t  i  1  i  JJ 


11.0  OH 


lilo 


U.l  «n 
12.0  mm 
IL.O  mm 


•Conpoaltlon*  on  •  per  cent  by  vrl^ht  banln 
••Ocpoalled,  cMt  or  vroHght  alloy 


FlCUar;  -'.i 


1-85 


AEDC-TDR-62-51 


ANALYTICAL  AND  EXPERIMENTAL  STUDY 
OF  ADAPTING  BEARINGS  FOR  USE 
IN  AN  ULTRA-HIGH  VACUUM  ENVIRONMENT 
Phase  II 

Outgassing  Determination  of  Plastics, 

Dry  Powders,  and  Composites 


By 

P.  H.  Bowen 
Materials  Laboratories 
Westinghouse  Electric  Corporation 
East  Pittsburgh,  Pennsylvania 


(The  reproducible  copy  supplied  by  the  author  was  used 
in  the  reproduction  of  this  report. ) 


February  1962 
Contract  AF  40(600)-915 


-  AEne 
AF9  T»f.T 


I.  INTRODUCTION 


Handling  facilities  are  required  in  the  positioning  and 
testing  of  space  vehicles  and  other  equipment  in  the  large  ground 
vacuum  chambers  contemplated  for  the  Arnold  Air  Force  Station, 
Tennessee.  This  program  concerns  the  study  of  bearings  eind  lubricant 
systems  for  use  in  electric  hoist  motors  operating  in  these  ground 
vacuum  chambers  under  vacuum  conditions  similar  to  those  of  space 
operation. 


The  initial  program  v?as  divided  into  three  phases.  In 
Phase  I  the  wear  and  friction  characteristics  of  various  dry  powders 
and  dry  self -lubricating  materials  suitable  for  use  in  ball  beeo:'ing 
components  were  evaluated  in  a  dry  inert  atmosphere.  In  Phase  II 
the  selected  materials  from  Phase  I  were  subjected  to  a  vacuum  environ¬ 
ment  to  determine  the  rate  of  outgassing  of  each  material.  In  Phase 
III  the  most  promising  self -lubricating  materials  of  Phase  II  will 
be  fabricated  into  retainers  and  evaluated  along  with  dry  powders  in 
20  mm  ball  bearings  operating  in  a  v-acuum  chamber  at  pressures  in 
the  range  of  1  x  10"°  to  1  x  10 "9  mm  of  Hg.  Starts  will  be  made  at 
-60*^  with  actual  bearing  operation  at  temperatures  ranging  from  ambient 
to  1000*F.  All  tests  will  be  made  vrith  a  radial  bearing  load  of  75  lbs. 
and  an  axial  bearing  load  of  5 

At  the  extremely  low  pressure  levels  encountered  in  space  and 
also  contemplated,  for  simulation  in  a  ground  test  facility,  conventional 
bearing  lubricants  evaporate  or  sublime  causing  lubricating  films 
to  disappear  with  a  resultant  tremendous  increase  in  surface  friction 
and  wear  of  the  ball  bearings.  Under  such  condition^  clean  surfaces 
when  rubbing  on  one  another  in  laboratory  tests  with  apparently  the 
last  monomolecular  film  layer  removed  have  been  known  to  cold  weld. 

In  addition,  in  an  ultra -high  vacuiun  environment,  the  only  natural 
mechanisms  of  heat  dissipation  from  a  bearing  are  by  radiation  or  con¬ 
duction  to  contacting  surfaces.  This  heat  reservoir  effect  compounds 
the  problem,  as  lubricant  evaporation  is  accelerated  at  higiier  bulk 
temperatures.  Some  bearing  materials  have  poor  heat  transfer  character- 
ist.Lc5  and  will  not  dissipate  the  thermal  energy  over  the  entire  bearing 
surface  but  retain  it  at  the  loceilized  areas  where  the  asperities  of 
each  material  make  contact. 

In  selecting  satisfactory  dry  self -lubricating  materials  and 
dry  lubricants  for  use  in  boll  bearings,  a  knowledge  of  the  vapor 
pressures  or  outgassing  characteristics  is  often  of  great  importance.  It 
is  especially  Important  to  know  the  outgassing  characteristics  of  lubricating 
materials  that  may  find  possible  use  in  bearings  over  a  wide  temperature 
range  in  ground  space  chambers  where  the  vacuum  environment  must  be 
produced  to  simulate  ultra-higli  vacuums  that  exist  beyond  the  earth's 
recognized  atmosphere.  To  be  useful,  the  outgassing  rate  of  the  materials 
must  not  exceed  the  provided  pxinpin.g  speed  of  the  chamber  at  the?  desired 
operating  pressure. 
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ir.  'PEST  PROCEDURE 


The  object  of  the  outGaDcing  study  v?as  not  only  to  find  the 
rate  of  gas  evolution  of  the  materials  but  also  to  determine  both 
the  molecular  structure  and  quantity  of  each  gas  evolved.  Tlie  data  v.'as 
obtained  over  tlie  Itnov/n  useful  temperature  range  for  the  materials  and 
also  at  temperatures  at  which  sone  of  the  materials  exhibited  large 
thermal  degradation  rates.  Several  groups  of  materials  v/ere  tested  in 
the  "as  received"  state  and  again  immediately  after  a  tv^enty-fowir  hour 
"baJee  out"  in  vacuum  at  an  elevated  tompomt'ire . 

The  outgassing  tests  were  carried  out  in  a  zirconia-quartz 
vacuum  furnace  tube  in  which  the  sample  was  heated.  The  gases  evolved 
from  the  sample  were  collected  in  a  three  liter  flask,  cooled  bo  standard 
conditions  and  ti'iCn  measured,  /u'tcr  determining  the  total  gas  volume, 
the  gases  \.’cre  trcu'.sferred  to  a.  mass  spectrometer.  The  outgassing  data 
output  from  the  spectrometer  was  processed  through  a  Datatron  computer 
to  provide  tlic  calculated  mol  p  of  each  gas  for  the  gases  evolved  from 
each  material.  Figure  1  is  a  photograph  ni'.owing  the  mass  spectrometer 
cubical  housing  containiiig  the  clecti-onic  components,  the  spectrometer 
magnet  and  tube,  and  tlic  sample  pumping  system.  Figure  2  shows  the 
zirconia-quartz  tube  with  tiic  vacuiun  valve. 

To  conduct  cacli  test  tine  sample  was  placed  in  the  quartz  end 
of  the  yacuum  furnace  tube.  The  tube  v;as  evacuated  to  a  pressure  of 
1  X  lO"'-*  nm  of  jig  and  tliC  zirconia  end  v/a.s  placed  in  the  furnace.  The 
zirconia  tube  vras  heated  to  3.200 °F-1 300 “F  while  p’amping  continued  until 
a  negligible  background  \Kia  observed  during  periodic  r-ampling  of  gases 
from  tne  tube.  By  containing  the  sample  in  the  cool  quartz  end  of  the 
tube  and  by  heating  only  the  zirconia  end,  all  background  contamination 
of  the  tube  co'old  be  removed.  After  a  satisfactory  background  determ¬ 
ination,  the  zirconia  end  of  t)ie  tube  was  cooled  a;.d  tiio  ra.mple  ^/as 
transferred  to  the  zirconia  end  by  tipping  tiie  tube.  'Eic  tube  was  again 
placed  in  the  furnace  and  tiic  furnace  adjusted  to  the  test  temperature. 

The  sample  was  held  at  temperature  in  the  furnace  for  20  minutes.  Tne 
gas  build-up  in  the  zircouia  tube  at  the  end  of  a  20  minube  period  was 
transferred  to  the  three  liter  flask,  measured  arid  tije.a  analyzed  using 
the  mass  spectrometer.  In  conducting  the  outgassing  rui  at  the  next 
higher  temperature,  the  sample  was  returned  to  the  quartz  end  of  the 
vacuum  tube,  and  the  zirconia  end  again  licated  to  1200 °F -1300 °F  utitil 
the  background  W'as  brought  bo.lov,’  the  sensitivity  of  the  mass  spectrometer. 
The  tube  was  removed  from  the  furnace,  cooled  and  blie  test  sample  moved 
to  the  zirconia  end  and  heated  to  the  next  higiier  temperature  and  the 
outgassing  of  the  sample  at  that  temperature  was  detennined.  The 
temperature  level  at  each  outgassing  best  wa.s  increased  In  increments 
of  100°F  to  300°F  until  th.c  mazzirnu!:)  test  temperature  v.-as  reached  or 
the  sample  ucconposed  as  ovidciiccd  by  relatively  large  amounts  of 
outgassing . 
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Selected,  plnstic  materials,  dry  powders  and  metal  con^osites 
were  also  evaluated  in  the  outcassing  tests  to  determine  what  gases 
would  bo  evolved  from  these  materials  after  extended  soaJcing  periods  in 
a  vacuum.  The  materials  vrere  given  a  "pre-bake  out”  at  a  specified 
temperature  for  a  period  of  24  hours  in  the  ziroonia  tube  prior  to 
obtaining  the  outgassing  data. 


III.  OUTGASSIKG  DE-EEmNATION  OF  PLASTICS 


1«  Solectlon  of  Materials 

Most  of  the  plastic  materials  screened  in  Phase  I  to  determine 
their  respective  friction  and  vear  characteristics  were  selected  for 
further  evaluation  in  the  outgassing  tests.  The  materials  evaluated 
in  Phase  II  are  listed  in  Table  I.  Tira  materials  not  run  in  Phase  1 
were  included  in  the  outgassing  studies.  The  first  material,  unfilled 
PTFE,  was  selected  to  give  a  comparison  \iith  that  of  the  filled  PTFE 
material.  The  56HT  carbon -graphite  material  (containing  no  PTFE)  was 
selected  because  of  the  possible  indirect  improvement  in  wear  and 
friction  properties  that  the  imprognants  were  knovm  to  add  to  the  carbon- 
graphite.  Uie  test  temperatures  selected  for  the  studies  ranged  from 
160 ®F  to  1260 ®F  or  a  value  where  the  thermal  degradation  of  the  material 
occurred. 

2.  Test  Results 


Large  amounts  of  gases  v/cre  evolved  from  all  the  plastic 
materials  that  were  studied  in  the  "as  received"  condition.  The  test 
data  is  shown  in  Table  II.  Each  of  the  gases  is  reported  in  mol  of 
the  total  gas  evolved  at  each  of  the  different  temperatures.  The 
total  q.uantity  of  gases  evolved  at  160®F  from  each  of  the  materials 
was  below  0.03  co/gram  of  sample  for  all  except  ceramic  filled  PTPT!, 
glass  fiber-MoS2  filled  PTFTl,  and  impregnated  carbon -graphite.  As 
the  temperature  increased,  contaminant  gases  v;ere  evolved  in  sufficient 
quantity  to  mask  the  normal  outgassing  expected  of  the  material  during 
prolonged  exposure  to  a  vocuuria. 

Significant  amounts  of  water  vapor  were  evolved  from  each  of 
the  materials  except  PTFCE.  This  is  especially  true  of  the  filled  PTFE 
and  the  filled  and  unfilled  nylon  materials,  where  the  mol  of  v?ater  raiiged 
betvrccn  and  temperatures  up  to  3oO'F.  The  PTTT!,  carbon -graphite, 

and  polypropylene  Jiad  a  mol  ''j  of  ^/ate^  vapor  ranging  between  Ift'J  and  70;i 
at  temperatures  up  to 

All  of  the  materioJ-s  evolved  carbon  dioxide  or  carbon  monoxide 
gas.  Only  PTFE,  FTFCE,  graphite  filled  nylon  and  glass  filled  PTFE 
contained  nitrogen  and/or  oxygen.  All  of  the  materials  except  unfilled 
PTFE  exhibited  traces  of  one  or  more  gases  that  were  entrapped  in  the 
material  dvo-ing  processing  (molding  of  shapes).  In  the  ceramic  filled 
PTFE,  traces  of  sulfur  dioxide,  sulfur  fluoride  and  methane  vrere  found,  A 
trace  of  unidentified  hydrocarbons  \ias  found  during  outgassing  at  tCCF  and 
060°F.  Glass  fiber  filled  PTFE  evolved  traces  of  SO2,  nitrogen  and  unident¬ 
ified  hydrocarbons ,  PTFCE  evolved  a  significant  amount  of  nitrogen  v/ith 
traces  of  oxygen,  argon  &  unidcr.tif  led  hydrocarbons .  Toe  Carbon -graphite 
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material  e-volved  nitrogen,  oxygen  and  unidentified  hydrocarbons.  Poly¬ 
propylene  released,  unidentified  hydrooax’hon  and  possibly  nitrogen,  A 
second  Purecarbon  material  containing  an  impregnant,  released  traces 
of  hydrogen,  unidentified  hydrocarbons,  sulfur  dioxide  and  possibly 
nitrogen. 


Itore  meaningful  outgassing  measirrements  were  obtained  on  the 
plastic  materials  after  they  were  degassed  or  "prebaked  out"  prior  to 
the  outgassing  determination.  In  each  of  the  tests  for  which  data  is 
shown  in  Table  III,  the  materials  v/ere  baked  in  a  vacuum  ab  a  pressure  of 
1  X  10 mm  of  Hg  for  24  hours  at  temperaturec  of  360°F,  560'’F  or  760®F. 

The  nylon  materials  were  baited  at  360“F  to  prevent  thermal  degradation 
prior  to  the  outgassing  tests.  The  glass  cloth  filled  PTFE  was  degassed 
at  a  temperature  of  760''F.  All  other  materials  were  degassed  at  560*F, 

The  volume  of  gases  evolved  from  each  of  the  selected  plastic  and 
carbon -graphite  materials  in  the  degassed  condition  was  extremely  low. 

As  noted  in  Figure  3i  the  rate  of  evolution  of  gas  over  the  temperature 
range  of  160*F  to  360 “F  for  any  of  the  six  materials  did  not  exceed  0.0020 
cc/gram  of  sample.  At  temperatures  up  to  560°F  the  outgassing  rate 
was  still  less  than  O.OO9O  cc/gram  for  each  material. 

In  a  comparison  of  the  outgassing  rate  of  the  unfilled  PTFE 
with  the  filled  PTFE  materials,  the  filled  materials  had  lover  outgassing 
rates  at  160®F  and  360®F.  The  best  self -lubricating  filled  FPFE  material, 
which  contained  glass  fiber  and  molybdenum  disulfide,  had  the  highest 
outgassing  rate  of  all  the  materials  tested  up  temperatures  of  560''F 
and  above.  The  unfilled  PTFE  and  the  glass  cloth  filled  PTFE,  were 
stable  at  760 *F  and  did  not  show  evidence  of  thermal  degradation  until 
outgassed  at  the  next  higher  temperature  of  960*F.  The  graphite  filled 
nylon  material  appeared  to  be  stable  at  760®F  but  showed  evidence  of 
thermal  degradation  at  860®F.  The  carbon-graphite  material  evolved 
large  quantities  of  gases  at  760°F. 

The  gases  evolved  from  the  plastic  materials  were  mostly  water 
vapor  with  varying  amounts  of  carbon  dioxide  or  carbon  monoxide  in  all 
with  the  possible  exception  of  PTFCE  which  evolved  carbon  monoxide  and 
nitrogen  gas. 

All  materials,  including  the  carbon -graphite,  released  unidentified 
hydrocsu’bons  at  a  temperature  where  thermal  degradation  of  the  plastic 
materials  occurred. 
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IV.  Ol/rOASSIilG  DC'IErailllATIOIl  or  DRY  POl.TDERS 


1.  Sclcctior;  Ox  Matoric.lc 


Ten  of  the  original  t\.'G;‘itj'-sevf'n  i^ouders  e  validated  in  Diace  I 
for  \/ear  a;id  ii'ici', ion  chai'acteristicn  :/cre  selected  for  outgasslng 
studies ,  Most  of  the  povdern  selected  had  low  wear  rates .  However, 
the  coefficient  of  friction  was  not  considered  as  critical  and  as  a 
result,  several  of  the  powders  selected  had  friction  values  as  high  as 
0.i+  v;hen  rubbing  between  steel  surfaces.  The  powders  selected  were: 


No. 

Material 

Mo. 

Material 

12 

Molybdenum  disulfide  MoSo 

17 

Silver  iodide 

Agl 

13 

Graphitic -carbon 

C 

18 

Gallium  telluride 

GaTe 

Ik 

Lead  chromate 

PbcrO]^ 

19 

Tungsten  diselenide 

WSeg 

15 

Lead  sulfide 

PbS 

20 

Timgsten  diselenide  (purified) 

WSeg 

l6 

Antimony  trisulflde 

SboS-3 

21 

Molybdenum  diselenide 

MoSsg 

Tne  range  of  tcnperatiures  selected  for  outgacsing  tests  of  the 
dry  povrders  was  160“F  to  1160“F.  Ml  pov/ders  except  molybdenum  diselenide 
were  studied  in  the  "as  received"  condition.  Only  the  follo\Jing  six 
powders  were  studied  in  a  degassed  or  "Pfe-bolced  out"  condition. 


Mo. 

Material 

Mo. 

Material 

12 

Molybdenum  disulfide 

MoSg 

lO 

Gallium  telliuside 

GaTe 

15 

Graphitic -carbon 

C 

20 

Tungsten  dioelcnide 

WSeg 

16 

Antimony  trisulfide 

SbgS^ 

21 

Molybdeiuun  diselenide 

MoSeg 

2.  Toot  Results 


nine  different  "as  received"  di’y  powder  lubricants  were  studied 
for  outgnoolng  characteristics.  The  test  results  ai*e  sho^ni  in  Tabic  IV. 
T^'■o  s.asipleo  of  tungsten  diselenide  were  subjected  to  outgacsing  tests. 

One  sample  i/ao  "purified"  for  the  "as  received"  tests.  These  two  con¬ 
ditions  reflect  the  worst  and  average  amouiit  of  contamination  that  might 
be  foimd  in  powders  considered  as  candidate  lubricants.  T)ie  method  of 
reporting  the  results  in  mol  ''j  of  the  total  gas  evolved  is  similar  to 
that  used  in  the  study  oi'  plastic  materials. 

All  of  the  "as  received"  po..'ders  evolved  a  major  amount  of  water 
vapor  and  varyin.g  minor  anoujibs  of  carbon  dioxide  and  carbon  mono.xide.  In 
addition,  r.iolycdenum  disulfide,  graphite,  lead  ciiromate,  antimony  tri- 
sulfide  and  gallium  telluride  evolved  a  small  amovuit  of  sulfur  dioxide 
gas.  Sma,ll  amounts  of  hydrogen  and  unidentified  hydrocarbon  gases  v/ere 
released  from  the  graphite,  lead  chromate,  a;;timony  trisulfide,  lead 
G\’l."ide,  gallium  telluride  and  tungsten  diselen.ide.  Other  gases  evolved 
from  o.-ily  one  or  a  few  of  the  powders  included;  acetic  acid  from  lead 
sulfide,  nitric  oxide  from  silver  iodide,  and  methane  from  tungsten 
disclcniide .  The  "purified"  tungsten  sclenide  po’/dcr  evsiibitcd  a  signifi¬ 
cantly  lo-.'or  outgacsing  rate  than  the  "as  made"  po'.rdcr.  Tl'ie  outgassing 
of  file  purified  pO’.,’der  \.'as  only  one-third  that  of  tjie  uncleoned  povrder 
over  ti.e  range  of  l6o°F  to  ij60®F.  Of  the  other  powders  only  timgstcn 
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diselenide  and  silver  iodide  appeared  to  te  "clean"  powders  without 
significant  contomlnatlon.  In  general  the  contamination  in  the  form  of 
gases  released  from  materials  vrere  apparently  in  the  powders  from  the 
time  of  their  original  processing. 

Test  results  of  the  degassed  powders  are  shown  in  Table  V. 

All  these  pov/ders  that  were  degassed  exhibited  low  outgassing  rates  at 
760 °F  except  for  the  antimony  trisulfide.  Antimony  trisulfide  apparently 
underwent  a  physical  c^iotige.  At  the  higher  temperatures  the  outgassing 
rate  was  significantly  lov;er  than  the  rate  at  760“F.  Molybdenum  disulfide 
exhibited  an  extremely  lov;  outgassing  rate  at  a  temperature  of  T^O'F  but 
increased  rapidly  at  960‘’F  and  ll60°F.  The  tungsten  diselenide  had  a  con¬ 
sistently  low  outgassing  rate  at  temperatures  of  760®P,  and  ll60®P. 

The  tungsten  exhibited  a  lower  outgassing  rate  than  molybdenum  v/hen  each 
was  evaluated  as  a  selenide  compound.  A  review  of  the  vapor  pressure 
data  for  metals  Indicated  that  tungsten  at  a  pressure  of  1  x  10“'  mm  of 
Hg  has  a  hl^er  vaporization  temperature  (2U80®k)  than  molybdenum  (1970'’K). 

At  a  temperature  of  116o‘f  only  tungsten  diselenide,  gallium 
tcGJuride,  antimony  trisulfide  eind  molybdenum  diselenide  exhibited  low 
outgassing  rates.  All  of  the  composites  evolved  carbon  dioxide  gas. 

All  but  gallium  telluride  evolved  carbon  monoxide  gas.  Graphite  evolved 
v/ater  vapor  at  only  one  ten^erature  (960°F).  Hydrogen  gas  was  released 
from  the  graphite,  antimony  tristilfide,  galliujn  teUurido  and  molybdenum 
diselenide.  At  the  high  temperatures,  both  of  the  sulfide  confounds 
and  molybdenum  diselenide  evolved  sulfur  dioxide  gas. 


V.  OUTGASSIMG  DETERMINATION  OF  COMPOSITES 


1.  Selection  of  Materials 

The  six  composites  and  alloys  that  exhibited  the  most  desirable 
properties  of  low  wear  and  loi/  friction  v/hen  rubbing  against  metal  in 
Phase  I  tests  v/ere  selected  for  outgassing  study.  A  description  of 
each  material  is  given  in  Table  VI.  Tiic  04'^  Fe  -  I.G'j  C  and  the  20^  Ni  - 
80,i  C  composites  were  the  only  materials  of  the  group  not  sub.jccted  to 
heat  treating  or  annealing  by  the  supplier. 

All  of  the  test  samples  v?ere  given  a  24  hour  "bake  out" 
immediately  prior  to  the  outgassing  tests.  The  "bake  out"  and  test 
procedure  was  similar  to  the  procedure  used  in  evaluating  the  dry  powders. 
Gas  evolution  from  the  composites  was  determined  over  a  tv;enty  minute 
period  for  each  of  three  temperatures;  7^0 °F,  $60°F  and  ll6o®F.  One 
material,  84'^  Fe  -  l6'o  C  '.'as  heated  for  one  hour  at  temperature  rather 
than  20  minutes . 

2.  Results  of  Tests 


The  results  of  outgassing  of  t3ie  composite  materials  are  shovm  in 
Table  VII.  Tuc  outgassing  rates  in  general  of  t-iose  materials  were  low 
at  760“F  and  9<s0'’F,  but  significantly  higher  nt  the  temperature  of  ll60'F. 

All  of  the  composite  materials  evolved  a  major  amount  of  hydrogen,  carbon 
monoxide  and  carbon  dioxide  gases,  '..'ater  vnpor,  which  was  released  in 
copious  quantities  by  the  plastic  and  pov/der  materials,  vas  not  evolved 
from  the  composite  materials  except  for  the  20,;  Mi  -  OO,';  C  composite  at 
960'’F.  Tile  04, i  Fc  -  lo/j  C  composite  evolved  vuiidcntif icd  hydrocarbon 
gases  at  all  three  temperatures.  The  50, S  Fo  -  50/;  C  heat  treated 
composite  evolved  come  unidentified  iiydrocarbon  gas.  Tlicse  hydrocarbon 
gases  v.'ore  probably  the  result  of  iicavy  w'a;<co  or  other  petroleum  products 
used  as  binders  in  green  pressing  the  conpositcc. 

Although  the  outgassing  rate  of  50.'i  Fe  -  C  and  20,;  Ni  -  80,;  C 
mat.M’ialG  vans  lov."  nt  a  tcmperatvu'e  of  7w0"F,  large  amounts  of  carbon  monoxide 
and  ca.vV.o"  dioxide  gases  were  rclcn,ccd  at  9uO°F.  Tlie  rate  of  hydrogen' 
gas  released  increased  vdth  temperature  of  all  tlie  composites  except  the 
20'j  TTl"~uO,/ "C" Compos i to .  At  liG0“F  the  rate  of  outgassing  was  low  for 
only  the  4o,j  I.'i  -  60,;  C  composite. 

!:o  correlation  v.-as  found  regarding  the  amount  of  lubricant  or 
type  oT  notal  in  the  composite  and  the  rate  of  outgassing  at  the  three 
test  tcmpci  atui'co . 

Th.c  hydrogen  gas  '..’as  evolved  from  both  the  metal  and  lubricant. 

TiiO  amount  of  nitrogen  cvulvct  from  t)io  grapiiitc  pov/der  at  900°?  v/as 
.007  cc/gran  of  sample.  'Tnis  Is  a  significant  amount  v/hen  compared  to 
t’le  nitrogen  gas  released  from  each  of  the  composites  at  96o‘’F.  At  a 
tcmpcrai.urc  of  lluO°F,  the  outgassin.g  rate  is  high  for  all  materials 
except  t'nc  ho/.'  i.'i  -  oO,'-  C  cai'burlned  materia.l.  Ho’./ever,  this  method  of 
madcing  the  material  ',.as  sinilnr  totjiat  of  30,';  Ni  -  70“;  C  carburised. 

No  rcla.tions'nip  cr.lstcd  botv/cc;!  t;:c  method  of  malting  the  composite  or 
tlic  ar.'.ount  of  graphite  incorporated  in  eac/i  material. 
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VI.  DIGCIJSSTON 


Tlie  vapor  pressure  of  the  materials  had  little  or  no  effect 
on  their  outcassing  rates  because  the  gases  that  were  observed  were 
primarily  contaminants  or  decomposition  products.  It  was  important  to 
determine  what  contaminants  were  evolved  from  the  materials  and  the 
mol  of  each  fraction.  In  the  plastic  materials,  the  Nylasint  yielded 
carbon  monoxide,  carbon  dioxide  and  ammonia  along  with  the  other  heavy 
molecular  freight  materials.  The  v;ater,  although  tiglatly  associated 
Vfith  the  nylon,  hydrolized  the  nylon  to  form  carboxylic  acid  and  an 
amine.  -Tlie  end  product  of  this  breakdown  reaction  v;ould  give  carbon 
monoxide,  carbon  dioxide  and  ammonia  gas.  The  polytetrafluoroethylene 
did  not  fractionate  but  appeared  to  start  to  depolymerizc .  If  decon^osltion 
of  the  low  molecular  weight  polymer  occurred,  fluorine  gas  wuld  be 
formed.  In  the  outgassing  tests  of  plastic  materials,  a  distillate  v/as 
generally  formed  from  all  the  samples  at  an  elevated  temperature. 

Contaminants  were  also  found  during  the  outgassing  of  powders 
and,  in  addition,  metallic  films  \;ere  deposited  in  the  cooler  part  of  the 
quartz  tube  which  indicated  fractionation  of  the  material  had  occurred. 

Most  noticeable  v;as  the  film  formed  during  the  outgassing  of  antimony 
trisulfide . 

Other  variables  could  also  influence  the  rate  of  outgassing 
of  the  candidate  lubricant  materials.  Such  variables  include  porosity, 
particle  size,  surface  area,  and  density. 

A  comparison  of  outgassing  rates  was  made  on  all  the  materials 
at  7(30®F.  The  bar  chart.  Figure  6,  shows  the  outgassing  rate  of  the 
materials  after  a  24  hour  balce  out.  Unfilled  PTFE  had  outgassing  rates 
similar  to  that  of  most  of  the  metal  composites.  Nylasint  containing 
20;i  graphite  had  an  outgassing  rate  similar  to  that  of  graphite  pov/der. 

The  outgassing  of  Duroid  5O13,  gloss  fiber  IfoSg  filled  PTFE,  is  not  due 
to  tlie  PTFE  or  the  MoSg  poi/der  as  noted  by  each  of  the  materials  in 
separate  tests.  Eince  glass  is  not  believed  to  have  a  high  outgassing 
rate,  the  gas  must  have  been  evolved  because  of  a  reaction  of  the 
materials  during  the  molding  process.  Additional  pretreatment  of  Duroid 
5O13  may  further  reduce  evolution  of  \/ater  vapor,  carbon  monoxide,, 
carbon  dioxide,  and  sulfur  dioxide  gases. 

Tnc  fact  that  plastic  materials  do  not  have  a  true  vapor 
pressure  malte  them  desirable  for  use  in  a  vacuum  environment  v/here  temper¬ 
ature  and  strength  requirements  permit.  Tensile  strength  tests  of  the 
glass  fiber  molybdenum  disulfide  filled  PTFn  in  accordance  i;ith  ASM 
D638-5OT,  show  that  the  material  retains  approximately  of  the  room 
temperature  lengthwise  and  crosswise  strength  at  250°F  and  33/j  of  the 
room  temperature  strength  at  ?00°F.  The  strength  of  unfilled  PTFE  vrould 
be  sligiitly  less  at  all  temperatures. 
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V7ith  rogai-d  to  radiation,  P'PFE  has  been  sho™  to  be  stable 
in  a  vacuum  when  exposed  to  ultraviolet  radiation  equivalent  to  2-l/2 
times  the  solar  constant  or  5  calories  per  cm*^  per  min.)  for  periods 
up  to  approximately  100  hours.  Additional  tests  made  in  Materials 
Laboratories  shov;  that  PTFE  can  be  used  in  applications  in  a  vacuum, 
where  the  material  is  exposed  to  ionizing  radiation  dosages  as  high  as 
10^  to  10'  rads. 

Tiie  data  from  the  mass  spectrometer  was  programed  into  the 
Datatron'  205  computer  to  Identify  and  obtain  tlie  mol  of  each  of  the  gases 
evolved  from  the  candidate  lubricating  materials. 

The  mass  spectrum  of  tlie  gases  evolved  during  each  outgassing 
test  was  represented  in  the  mass  spectrometer  by  a  peak  intensity  of  the 
ion  current  at  each  mass  to  charge  (m/e)  value.  The  relative  intensities 
of  the  ion  current  v/cre  used  in  the  computational  procedure  with  the 
Datatron  205.  A  calibration  record  of  spectrum  from  a  large  number  of 
Icnovm  pure  compounds,  expressed  in  terms  of  pattern  and  sensitivity 
coefficients  computed  for  each  m/c  value,  \ias  obtained  a) id  used  as  the 
basis  for  the  calculation  of  the  mixture  spectrum.  The  record  consisted 
of  pure  compounds  related  to  the  expected  gases  that  miglit  be  evolved 
from  the  test  materials  in  these  and  previous  tests. 

The  mixture  spectrum  v;as  the  sum,  or  linear  superposition,  of 
the  spectra  contributed  by  its  components.  The  pattern  and  sensitivity 
coefficients  obtained  in  the  calibration  inns  could  be  applied  to  a 
component  v/hether  it  v/as  alone  or  in  the  mixture. 

Maas  spectral  data  was  obtained  by  solving  simultaneous  linear 
aquations .  It  ms  necessary  to  use  one  equation  for  each  unlcnovm  in 
the  mixture  of  gases. 

After  the  simultaneous  equations  were  solved,  the  pai’tial 
pressures  were  obtained.  Mol  percentage  composition  was  determined  by 
dividing  each  partial  pressxu’C  by  tlie  total  pressure,  which  vfas  the  sum 
of  the  partial  pressures. 


VII.  CONCLUSIONS 


1.  Candidate  dry  lubricants  and  self -lubricating  materials 
were  evaluated  for  outgassing  properties  at  various  temperatures.  The 
outgassing  data  were  determined  for  materials  In  the  "as  received" 
condition  and  for  materials  which  had  been  degassed  prior  to  the  out¬ 
gassing  determination. 

2.  Most  of  the  materials  in  the  degassed  condition  are  more 
suitable  for  use  in  a  vacuum  than  is  generally  believed.  The  gases 
evolved  w^re  from  contaminants  and  were  not  the  result  of  evaporation 
of  the  lubricant  materials. 

3-  Ihe  major  gas  constituents  evolved  from  the  plastic  and 
dry  powder  materials  were  water  vapor,  carbon  dioxide  and  carbon  monoxide. 
Duroid  the  best  candidate  plastic  self -lubricating  material  from 

Phase  I,  exhibited  a  low  outgassing  rate  at  temperatures  from  160”?  to 
360*? ■  Molybdenum  disulfide  and  tungsten  diselenide  exhibited  low 
outgassing  rates  at  a  temperature  of  T^O^F. 

4.  ^e  major  gas  constituents  evolved  from  the  composite 
materials  were  hydrogen,  carbon  monoxide  and  carbon  dioxide.  The  40^ 

N1  -  60^  C  carburized  con^oslte  material  exhibited  the  lowest  outgassing 
rate  at  760*F. 


Prepared  By 

P.  H.  Bowen 
Project  Engineer 
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♦♦Total  volume  of  gases  vas  measured  at  STP  ^-W»ses  were  unidentified  coomounds 
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*T-otal  volume  of  gases  vas  measured  at  SIP 
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MASS  SPECTROMETER  AND  SAMPLE  PUMPING  SYSTEM 

figure  1 


FIGUFE  3 

OUTGASSING  OF  DEGASSliD  PLASTIC  MATERIA!^ 
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700  760  800  900  960  1000 

Test  Tenperature  ’F 
FIGURK  5 

OUTGASSING  OF  DEGASSED  COMPOSITE  MATERIAIS 
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COMPARISOri  OF  GAS  EVOLOTIOIT  OF  PLASTICS,  POLTfERS  AID  COMPOSI'ffiS 


AEDC-TDR-62-5I 


ANALYTICAL  AND  EXPERIMENTAL  STUDY 
OF  ADAPTING  BEARINGS  FOR  USE 
IN  AN  ULTRA-HIGH  VACUUM  ENVIRONMENT 

Phase  ni 

Evaluation  of  Dry  Powder  Lubricants  and 
Self- Lubricating  Materials  in  Ultra-High 
Vacuum  Bearing  Tests 


By 

P.  H.  Bowen 
Materials  Laboratories 
Westinghouse  Electric  Corporation 
East  Pittsburgh,  Pennsylvania 


{The  reproducible  copy  supplied  by  the  author  was  used 
in  the  reproduction  of  this  report. ) 


February  1962 
Contract  AF  40(600)-915 


I.  INTRODUCTION 


Handling  facilities  are  required  for  use  In  positioning  and 
testing  space  vehicles  and  other  apparatus  in  the  large  space  environ¬ 
ment  test  chambers  contea®lated  for  the  Arnold  Air  Force  Station, 
Tennessee.  Many  items  of  rotating  equipment  will  be  required  to  operate 
in  the  chamber  prior  to  and  during  the  test  of  each  space  vehicle.  Bie 
program  reported  herein  concerns  the  study  of  lubricants  in  bearings  for 
use  in  electric  hoist  motors,  large  gimbal  mounts  and  rail  cars,  as  veil 
as  lubricants  for  both  gears  and  bearings  of  100  ton  overhead  travelling 
cranes.  It  is  required  that  these  lubricated  gear  and  bearing  systems 
be  capable  of  operation  in  an  environment  where  the  pressures  are  in 
the  range  of  1  x  10“°  to  1  x  10“^  mm  of  Hg  and  the  tearperatures  range 
from  -300*F  to  300*F.  In  addition,  some  of  the  hoist  motor  bearings 
may  be  operated  under  certain  conditions  at  temperatures  up  to  1000“F. 
The  stress  on  the  test  bearings  and  gears  in  this  study  will  be  of  the 
same  order  of  magnitude  as  that  which  will  be  experienced  in  the  actual 
equipment. 


Tiie  initial  program  was  divided  into  three  phases  but  was 
later  extended  to  include  seven  phases.  In  Phase  I  the  wear  and 
friction  chai'acterl sties  of  various  dry  powders  and  dry  self -lubricating 
materials  suitable  for  use  in  ball  bearing  coEponents  were  evaluated  in 
a  dry  inert  atmosphere.  In  Phase  II  selected  materials  from  Phase  I 
were  subjected  to  a  vacuum  environment  to  detezmine  the  rate  of  outgassing 
of  each  material.  In  Phase  III  the  most  prosiising  self -lubricating 
materials  of  Phase  II  were  fabricated  into  retainers  and  were  evaluated 
in  20  mm  beill  bearings  operating  in  a  hard  vacuum  at  tenperatures  from 
-6o*F  up  to  450®F  with  limited  operation  at  temperatures  above  1000*F. 

Tests  were  made  with  a  radial  bearing  load  of  75  pounds  and  an  axial  load 
of  5  pounds. 

In  the  forthcoming  Phases  IV  through  VII,  the  program  will  cover 
wear  and  friction  studies  of  inproved  self -lubricating  materials  for  use 
at  higher  bearing  loads,  additional  outgassing  studies,  additional  screening 
evaluation  of  wear  and  friction  characteristics  in  a  vacuum,  and  tests  on  iry 
lubricated,  heavily-loaded,  prototype  gears  and  bearings  operating  in  a 
hard  vacuum . 

At  the  extremely  low  pressure  levels  encountered  in  space  and 
also  contenplated  for  simulation  in  a  ground  test  facility,  conventional 
bearing  lubricants  evaporate  or  sublime  causing  lubricating  films  to 
disappear  with  a  resultant  tremendous  increase  in  surface  friction  and 
wear  of  the  bell  bearings.  Iftider  such  conditions  clean  surfaces,  when 
rubbing  on  one  another  in  laboratory  tests  with  apparently  the  last 
moncmolecular  film  layer  removed,  have  been  known  to  cold  weld.  In 
addition,  in  an  ultra-high  vacuum  environment,  the  only  natural  mechanisms 
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of  heat  dissipation  from  a  bearing  are  by  radiation  or  conduction  to 
contacting  surfaces.  Hiis  heat  reservoir  effect  compounds  the  problem, 
as  lubricant  evaporation  is  accelerated  at  higher  bulk  temperatures. 

Some  bearing  materials  have  poor  heat  transfer  characteristics  and  will 
not  dissipate  the  thermal  energy  over  the  entire  bearing  surface  but 
retain  it  at  the  localized  areas  where  the  asperities  of  each  material 
make  contact. 

In  the  ball  bearing  tests  of  Phase  III,  rubbing  occurred 
between  the  ball  surface  and  ball  pockets  of  the  retainer  and  between 
the  retainer  surface  and  the  corresponding  guide  lands  of  the  inner 
race.  Self  lubricating  materials  were  used  as  retainers  or  as  lubricating 
rings  to  lubricate  the  bearings.  Dry  powders  were  also  used  as  lubricants. 

To  accos^lish  satisfactory  operation  in  an  ultra-high  vacuum  it  was  necessary 
that  the  dry  materials  provide  a  film  on  the  rubbing  and  rolling  sui'faces 
of  the  bearing  to  prevent  galling  or  abrasive  wear. 
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II.  LUBRICANT  SELECTION 


!nie  lubricant  materials  selected  for  evaluation  In  actual 
bearing  tests  were  those  that  appeared  promising  on  the  basis  of  the 
results  from  Phases I  and  II.  In  addition^  several  new  materials  were 
eilso  considered  for  evaluation  in  bearings.  A  description  of  the  dry 
powders,  self -lubricating  plastic  con^osltes  and  alloy  materials 
evaluated  in  this  Phase  Is  contained  in  Table  I. 

A.  Plastic  Materials 


Duroid  5913  (a  molybdenum  disulfide -filled,  glass  fibe,  - 
reinforced  Teflon)  exhibited  the  most  satisfactory  wear  and  friction 
characteristics  of  all  the  plastic  cosiposltlons  screened.  Since  Teflon 
was  one  of  the  lubricating  materials  in  Duroid  3Sl3,  Amalon  (Teflon 
impregnated  glass  cloth)  and  Fluoroslnt  (mica  filled  Teflon)  were  then 
reconsidered  for  test  in  bearings.  In  addition,  retainers  were  made  of 
Nylasint  m4  and  Nylasint  20  even  though  it  was  recognized  that  they  may 
not  possess  the  required  strength  at  the  bearing  operating  teinperature . 

Several  phenolic  resin  base  materials  containing  molybdenum 
disulfide  powder  as  a  filler  were  used  to  fabricate  specimens. 

Cdti'vju  liiai/liits  was  considered  as  a  retainer  material  and 
also  a  material  for  fabrication  of  lubricating  rings.  Tliese  rings  were 
used  to  evaluate  a  new  lubricating  device  which  could  utilize  good 
lubricating  materials  that  in  themselves  did  not  possess  sufficient 
strength  for  their  use  as  a  retainer.  Cno  carbon  lubricating  ring 
contained  small  quantities  of  molybdenum  disulfide  or  various  oxidation 
inhibitors  and  metallic  salts  in  addition  to  carbon -graphite. 

B .  Powders 


Molybdenum  disulfide  was  used  as  a  lubricant  in  two  bonded 
dry  films,  M1284  and  M-20,  and  as  a  slurry  with  a  volatile  carrier.  The 
carrier  was  evaporated  from  the  slurry  before  the  bearing  was  placed  in 
the  test  chamber. 

C.  Composite  and  Alloy  Materials 

Sinetex  (Teflon-molybdeman  disulfide  ii:5)regnated  sintered  bronze) 
showed  considerable  promise  as  a  candidate  self  ••lubricating  materiad  in 
screening  tests.  None  of  the  other  sintered  materials  exhibited  optimum 
lubricating  properties.  The  BG42,  M-10  and  Inconel  X  alloy  materials  were 
used  with  their  surfaces  coated.  Only  Inconel  X  was  tested  as  a  retainer 
without  a  coating. 
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III.  BEARING  SELECTION  CRITERIA 


A.  Configuration 

Proper  lubrication  Is  essential  to  provide  satisfactory  bearing 
life.  As  the  lubricants  become  marginal  in  their  ability  to  provide  a 
film  between  the  rubbing  surfaces,  the  configuration  of  the  bearing 
ccoponents  becomes  more  critical.  Conventional  bali.  bearings  Intended 
for  use  with  oils  or  greases  are  not  satisfactory  for  use  with  dry 
lubricants,  nie  loads  imposed  by  the  centrifugal  forces  on  the  retainer 
and  also  the  unpredictable  loads  resulting  frcan  thermal  distortion,  mis¬ 
alignment  of  the  rolling  elements  and  vibration  all  tend  to  rapidly 
destroy  any  dry  lubricant  film  on  the  metallic  parts  and  permit  irear  or 
metallic  adhesion.  All  these  factors  serve  to  increase  the  severity  of 
the  retainer  lubrication  problem  when  using  dry  lubricants  in  a  vacuum 
environment . 

Several  methods  of  reducing  the  severity  of  the  lubrication 
problem  are  available.  Iliese  Include  cheurges  in  bearing  configuration, 
varying  material  of  construction  and  imposing  limitations  on  the  speed 
and/or  load  performance  of  the  bearing. 

Although  many  ball  bearing  configuration  changes  can  be  con¬ 
sidered,  the  changes  with  the  most  significant  effects  on  life  are  those 
involving  increase  in  radial  clearance  and  retainer  tyjie  used.  Uie 
bearings  used  in  this  study  were  deep  groove  Conrad  type  20  mm  light 
series  ball  bearings  of  ABEC-3  grade.  Standard  bearings  are  made  to 
tolerances  outlined  in  Anti -friction  Bearing  Engineers  Ccmmittee  grade 
1  (ABEC"!).  Bearings  Oj.  higher  quality  are  manufactured  with  smaller 
tolerances  and  progressively  better  race  finish,  as  well  as  less 
variation  in  ball  size.  The  final  design  configuration  of  the  bearing 
and  retainer  is  shown  as  Figure  1.  One  land  of  the  outer  race  was 
ground  to  provide  a  counter bore  race  shoulder  and  still  retain  a  non- 
separable  bearing.  The  shoulder  height  (depth  of  the  race  groove 
measured  from  the  shoulder  to  the  bottom  of  the  groove)  was  1656  of  the 
ball  diameter.  An  inner-race  riding,  one-piece  retainer  was  used.  Bie 
rubbing  velocity  of  the  retainer  on  the  OD  of  the  inner  race  would  be 
slightly  higher  for  a  20  mm  204  size  bearing  than  the  rubbing  velocity 
of  the  retainer  on  the  ID  of  the  outer  race.  However,  it  was  decided 
to  have  the  retainer  rub  on  the  inner  race  since  that  design  offered 
more  of  a  variety  in  retainer  modifications  and  also  peimitted  use  of 
novel  dry  stick  lubrication  techniques.  Tie  rubbing  velocity  of  the 
retainer  on  the  inner  race  when  the  inner  race  is  free  to  rotate  is 
as  follows; 
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Ve  »  0.2618  (Va) 


(1  -  cos^) 


Where  Vg  =  linear  velocity  in  FPM 


Vai  velocity  of  inner  race 
OD  of  inner  race 
Sb*  ID  of  retainer 
ball  diameter 
PD,  pitch  diameter 
cC,  contact  angle 
COS.C 

^od*  retainer* 


V  =  0.2618  X  1800 

V  *  292  in. /min. 


1.065 


=  1800  rpm 

=  1.065  inches 

s  l.OdO  inches 

=  0.3120  inches 

a  1.765  Inches 
a  3“  48' 

=  0.9978 

a  1.495  inches 


i.oOo 

2 


(1 


0 .  -^120 

1.765 


X  0.9978) ! 
» 


^Assumed  (based  on  inner  race  riding  designed  retainer) 


The  formula  for  calculating  the  rubbing  velocity  of  an  outer 
race  riding  retainer  would  be: 


Ve  =  0.1309  Sod  (Va) 
Vg  a  290  in. /min. 


B.  Materials 


The  type  of  bearing  material  used  for  the  betlls  and  races 
greatly  affects  the  stresses  present  ut  the  ball  and  race  contact  point. 

The  harder  the  material,  the  greater  the  stress.  For  a  given  load  applica¬ 
tion  the  mean  compressive  stress  in  the  contact  area  is  approximately  60^ 
per  cent  greater  for  materisds  having  a  modulus  of  elasticity  of  6d  x  10° 
Ib./sq.  in.,  (carbides)  as  cosQpared  to  materials  with  a  modulus  of  elasticity 
of  30  X  10’  Ib./sq.  in.  (steels).  It  was  desirable  to  use  a  material  having 
a  relative  low  modulus  of  elasticity  as  the  structural  ccmponents  of  the 
bearing,  provided  good  wear  resistance  still  could  be  achieved.  When  the 
material  is  extremely  hard  and  brittle,  chipping  and  cracking  can  occur 
because  of  differences  in  coefficient  of  expansion  and  thermal  distortion 
of  the  housing  and  shaft  material  used  in  the  bearing  system. 

Four  types  of  bearing  construction  materials  were  used  for  the 
bearing  and  lubricant  tests  in  the  vacuum  chamber.  A  tool  steel,  H-10, 
was  used  in  all  tests  run  at  tenqperatures  up  to  900'’F.  A  cobalt -chromium- 
tungsten  alloy,  Haynes  Stellite  19,  was  used  for  tests  run  in  the  temperature 
range  of  1000'’F  to  1200"?.  The  balls  for  the  high  temperature  tests  were 
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meide  of  tungsten  carbide  and  the  I'aces  of  Stellite  19  •  A  nucleated  glass 
ceramic  material,  Pyroceram  9606,  was  used  in  the  exploratory  tests  at 
1500*F.  Properties  of  these  materials  are  noted  below. 


Material 

Coef .  of  Thermal  E:panslon 

Mod.  of  Elasticity 

Hardness 

M-10 

6.5  X  10-^ 

(78-4oo“F) 

32.0  X  10^  psi 

Roclcwell  C 

66 

Stellite  19 

7.9  X  10-0 

(67-1112‘’F) 

36.6  X  10“  psi 

Rockwell  C 

55 

Tungsten  Carbide 

3.5  X  lO-o 

(  1200'’F) 

80.0  X  10“  psi 

Rockwell  A 

92 

Pyroceram  9606 

2.6  X  lO-o 

( 68-600 “F) 

17.5  X  100  psi 

-- 

Tlie  hardness  of  the  metals  at  elevated  tenperatures  was  Edso  considered  in 
selecting  the  candidate  bearing  material.  For  M-10  steel  the  hardness  ranges 
from  Rc  64.  at  room  teorperature  to  approximately  Rc  52  at  900*F.  For  Stellite 
19  the  hardness  ranges  from  Rc  55  at  room  temperatiure  to  Rc  42  at  1200®P. 
I'uxigsten  carbide  was  selected  over  titanium  carbide  for  the  ball  material 
because  of  its  higher  hardness.  Oxidation  of  the  tungsten  carbide  was;  not 
a  problem  since  the  bearings  were  to  operate  only  in  a  high  vacuum.  Itae 
analysis  of  the  tool  steel  and  cobalt-chromlum-timgsten  alloy  was  as 
follows : 

Gonposition  In  Percent  by  Weight 


Material 

C 

Or  Ni 

V 

W 

Mo 

Co 

Fe 

M-10  Steel 
Stellite  19 

0.90 

1.90 

4.0 

31-0  - 

2.00 

1.0  max. 

10.5 

8.00 

Bal 

Bal 

3.0  max. 

C .  Load  Conditions 


If  the  load  on  an  oil  or  grease  lubricated  bearing  is  reduced, 
a  significant  increase  in  the  life  of  the  bearing  will  result.  The  life 
of  the  bearing  is  based  on  the  following  cubic  relation: 


Ln  = 


Where : 


/C^  3 

Ljj  a  life,  1  X  10^  revolutions 
C  =  specific  dynamic  capacity* 
W  a  load  on  bearing 


♦represents  the  load  which  a  bearing  can  carry  for  one  million 
revolutions  with  only  a  10^  failure  rate. 

Reducing  the  load  on  fluid  lubricated  bearings  to  one-half 
increases  the  life  eight  times.  In  the  case  of  dry  lubrication,  a  change 
in  load  would  be  expected  to  have  even  a  greater  effect  on  the  life  of  the 
bearings,  or  on  the  wear  of  the  self -lubricating  component  in  the  bearing. 

A  reduction  of  bearing  speed  will  affect  a  corresponding  linear 
increase  in  bearing  life.  For  applications  where  speed  varies  considerably 
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the  life,  in  terms  of  nuiaber  of  revolutions,  is  the  most  practical  one  to 
consider. 


ISie  life -load  and  speed -life  factors  are  approximations  of  coiiQ>lex 
relationships  and  depend  on  a  certain  extent  upon  the  exact  choice  of  con¬ 
figuration  by  each  bearing  manvif acturer . 

In  this  series  of  tests,  ultimate  bearing  life  was  not  determined 
but  the  rate  of  wear  per  unit  time  was  established,  and  this  rate  of  wear 
can  provide  an  indication  of  expected  bearing  life. 


IV.  ULraA-HIGH  VACUUM  TEST  APPARATUS 


IKie  test  apparatus  used  iu  this  phase  of  the  contract  pemlts 
operation  of  bearing  systems  in  a  hard  vacuum  ^own  to  3  x  10  mm  of  Eg) 
at  temperatures  up  to  1500‘F  under  radial  loada  up  to  75  pounds  and 
axial  loads  up  to  25  pounds.  The  loaded  test  bearing  can  be  driven  at 
speeds  up  to  15,000  xpm.  test  bearing  can  be  observed  while  under 
test^and  frictional  torque  in  the  bearing  can  be  measured  and  recorded 
during  the  test  run.  The  test  apparatus  consists  of  the  vacuum  chamber, 
test  spindle  assembly,  bearing  loading  device  and  torque -indicating 
system,  drive  motor,  puaiping  system,  leak  detection  system  and  pressure 
monitoring  system.  An  overall  view  of  the  test  apparatus  and  control 
consoles  is  shown  in  Figure  2. 

A.  Vacuum  Chamber 


The  vacuum  chamber  housing  the  test  spindle  is  roughly  the 
shape  of  a  cube  approximately  two  cubic  feet  in  volume.  !nie  chamber 
is  constructed  of  stainless  steel  with  all  internal  surfaces  smooth 
and  free  from  pits  and  scratches  to  facilitate  removal  of  air  from 
the  surfaces.  All  blind  holes  inside  the  chamber  are  vented  to  eliminate 
virtual  leaks.  Gold  wire  seals  are  utilized  at  edl  flanges  to  permit  the 
use  of  high  tei^perature  bake  outs  as  well  as  high  temperature  operation 
of  the  chamber  and  test  spindle  assembly. 

B.  Test  Spindle  Assembly,  Bearing  Loading  Device  and  Torque  Indicating 
System _ 

A  cross  section  view  of  the  test  chamber  showing  the  spindle 
assembly,  test  bearing,  bearing  loads,  heater  assembly  and  torque  system 
is  shown  in  Figure  3-  The  test  bearing  is  mounted  on  the  end  of  the 
spindle.  The  radial  load  is  obtained  with  a  75  lb.  weight,  12  Inches  in 
diameter  and  3  inches  thick,  which  surrounds  the  beeirlng  and  fonns  an 
integral  part  of  the  housing.  A  5  lb.  axial  load  is  applied  to  the 
bearing  by  means  of  a  wire  fastened  to  the  beea*lng  housing  and  extending 
forward  over  a  pulley  on  which  the  weight  is  supported,  ^is  wire, 
fastened  by  a  set  screw  at  the  top  of  the  pulley,  also  acts  as  a  torsion 
member  and  restoring  force  for  any  rotational  movement  of  the  housing. 

The  force  of  friction  developed  in  the  bearing  causes  the  housing  to 
rotate  until  the  reactive  torque  in  the  wire  is  equal  to  the  friction 
torque  in  the  bearing.  This  degree  of  rotation  can  be  observed  through 
the  sight  port,  and  the  values  can  be  used  to  calculate  the  inch-ounces 
of  frictional  torque. 

The  test  spindle  assembly  is  supported  in  a  pedestal  that  can 
be  cooled  with  water  or  liquid  nitrogen.  The  spindle  assembly  contains 
the  spindle,  three  bearings  and  a  housing  tube.  T^e  rear  beenring  as 
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well  as  the  front' aft  and  front-forward  bearings  are  204  size  20  ma 
bearings  with  the  same  configuration  as  the  test  bearing.  An  es^loded 
view  of  the  test  spindle  assembly,  test  bearing  in  the  housing  weight, 
bearing  heater  assembly  and  torque  indicating  device  is  shown  as 
Figure  4. 

C .  Drive  Motor 


rotating  source  for  the  spindle  is  a  canned- rotor  electric 
motor,  nie  bearings,  rotor  and  shaft  are  located  inside  the  can  with 
the  stator  and  field  windings  located  outside  the  can.  One  end  of  the 
can  has  a  flange  that  is  bolted  to  a  corresponding  flange  of  the  chamber, 
e:qpo8lng  the  bearings  and  shaft  assembly  to  the  vacuum  environment.  A 
gold  *'0"  ring  is  used  as  a  seal  in  the  bolted  flange.  An  outer  water 
cooled  shell  covers  the  stator  and  acts  as  a  support  for  the  thin  wall 
can.  The  motor  was  designed  to  operate  on  either  6o  cycle  or  500 
cycle  current. 

D.  Pumping  and  Lead  Detection  System 

The  chamber  pungiing  system  consisted  of  three  pumps;  a  gas 
ballast  roughing  pump,  a  small  oil  diffusion  pump  and  a  I500  liters/ 
see.  oil  diffusion  pump.  Two  traps  were  used;  a  dry  trap  of  Zeolite 
pellets  and  a  water  cooled  llqLUid  treg>.  iOie  pumping  speed  of  the 
system  was  approximately  300  liters/seeond.  nie  small  diffusion  pump 
was  used  to  help  prevent  contamination  by  the  mechanical  pump  oil  of 
the  large  diffusion  punp.  The  pellets  or  the  dry  trap,  along  with  the 
liquid  trap,  prevented  back  streaming  of  the  diffusion  pump  oil  in 
the  test  chamber.  The  test  chamber  containing  the  facility  equipment 
was  capable  of  reaching  pressures  as  low  as  8  x  lO'^  mm  of  Hg  after  a 
normal  bake -out  period. 

The  entire  system  could  be  checked  for  leaks  using  a  helium- 
type  mass  spectrometer  leak  detector.  The  system  was  so  designed  that 
all  of  the  gases  from  the  chamber  could  be  puaq?ed  through  the  detector. 

A  mylsur  bag  yas  made  that  provided  an  enclosure  around  the  chamber  and 
piping  to  contain  the  helium.  !Ihe  leak  detector  could  with  this  system 
sense  100^  of  the  helium  tracer  and  provide  sensitivity  of  1  x  10 
std.  cc  alr/sec. 

E.  Pi’essure  Monitoring  System 

The  p.ressiu'e  sensimj  and  Indiretlng  systsT"  cnnsisted.  of  two 
theznocouple  vacuum  gages,  one  ionization  gage  control  and  a  Bayard- 
Alpert  ionization  gage. 

^e  themocouple  vacuum  gage  was  capable  of  measuring 
pressures  from  1  mm  of  Hg  to  1  x  IO'j  mm  of  Eg.  3he  Ionization  gage 
was  capable  of  measuring  pressures  frcm  1  x  10-3  mm  of  Hfe  to  1  x  lO'lO 
mm  of  Hg. 
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The  Ionization  gage  mounted  on  the  top  of  the  chamber  was  located 
near  the  test  'bearing.  The  connecting  tubing  was  8  inches  long  with  an 
Inside  diameter  of  0,62  Inches.  The  time  constant  of  the  pressure  meastirlng 
system  was  less  than  1  second. 

Tie  thermocouple  vacuum  gage  in  conjunction  with  a  meter  relay 
was  used  to  control  the  operation  of  the  diffusion  pump  so  that  the  pump 
would  go  on  and  stay  on  at  pressures  below  6  x  10"^  ram  of  Hg  and  would 
shut  off  when  the  pressure  rose  above  10  x  10"^  mm  of  Hg. 
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V.  BEARING  SCREENING  TESOB 


A.  3?est  Procedure 


Most  of  the  retainer  materials  were  screened  In  20  mm  ball 
bearlxigs  in  a  conventional  MRC  Bearing  Tester  under  an  inert  atmosphere 
prior  to  being  evaluated  in  tests  in  the  vacuum  cliamber.  Figure  5  is  a 
cross-section  viev  of  the  tester  showing  the  test  bearing,  spindle, 
support  bearing  and  housing  structure. 

The  tester  was  operated  at  a  speed  of  1800  ipm  with  on  axial 
load  of  75  pounds  on  the  test  bearing  unless  otherwise  noted.  A  flow 
of  dry  nitrogen  was  passed  into  the  forward  spindle  area,  through  the 
test  bearing  and  out  the  rear  of  the  spindle  through  the  oil  lubricated 
support  bearing.  The  duration  of  each  test  run  was  100  hours. 

Both  the  bearing  cos^onents  and  retainer  materials  were  cleaned, 
weighed  and  measured  prior  to  assembly.  The  bearings  were  assembled  by 
heating  the  outer  race  to  approximately  300”?  and  at  the  same  time  forcing 
the  race  over  the  assembled  inner  race,  balls  and  retainer.  After  the 
Internal  clearance  on  the  bearing  was  measured, the  bearing  was  again 
cleaned  with  alcohol  and  installed  on  the  test  spindle. 

B .  Results 


The  screening  tests  were  used  to  evaluate  retainers  of  self- 
lubricating  materials  that  were  considered  questionable  for  use  in  the 
vacuum  environment.  CRie  seven  retainers  eliminated  from  further  tests 
by  this  type  of  screening  are  shown  in  Table  II.  The  glass  cloth  fiber 
in  the  Armalon  material  was  abrasive  and  not  only  prevented  the  formation 
of  a  Teflon  film  on  the  metal  surfaces  but  also  abraded  the  metal  surface. 
Figure  6a  is  a  photograph  of  the  Armalon  retainer  before  test.  Ihe  two 
phenolic  plastic  retainers,  EBl  and  EB2,  containing  molybdenum  disulfide 
did  not  have  sufficient  strength  and  broke  during  the  screening  test. 
Figure  6b  is  a  photograph  of  one  of  the  phenolic  retainers  before  test . 

The  ceurbon -graphite  retainer  did  not  have  sufficient  strength. 

A  metal  retainer  using  carbon  inserts  in  the  beuLl  pockets  was  also  found 
unsatisfactory.  Figure  6o  is  a  photograph  of  the  metad  retainer  after 
test  and  shows  the  broken  Inserts.  A  retainer  of  porous  sintered 
Stellite  No.  1  alloy  was  made.  However,  a  crack  was  found  in  the  re¬ 
tainer  before  being  isipregnated  with  a  molten  powder,  and  as  a  result  it 
was  not  tested.  Figure  6d  Is  a  photograph  of  the  Stellite  No.  1  alloy 
retainer. 


The  2G  Nylaslnt  retainer  ran  successfully  in  the  screening 
tests.  A  check  of  the  strength  and  outgassing  characteristics  of 
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Phase  II  indicated  the  materieJ.  nay  not  be  satisfactory  at  temperatures 
of  i60*F  to  200*F. 

A  series  of  screening  tests  at  increasing  loads  were  made  to 
detemine  the  bearing  load  that  would  cause  a  Duroid  53^3  retainer  to 
fail.  One  retainer  completed  a  100  hour  test  run  under  a  75  pound  axial 
load,  a  second  100  hour  test  run  under  a  150  pound  load  and  then  operated 
for  5^  hours  under  a  9.25  pound  load  before  it  broke. 

In  addition  to  the  above  tests  at  anbient  temperatvire,  a  bearing 
utilizing  Fyroceram  ^6o6  races  and  tvtngsten  carbide  balls  was  assembled 
for  initial  tests.  The  assembled  bearing  was  placed  in  a  furnace  with 
an  inert  atmosphere  and  was  heated  to  1500*F  to  determine  if  the  bearing 
could  still  rotate  at  the  high  tenperature .  Although  the  bearing  was  in 
an  inert  atmosphere  some  oxidation  of  the  balls  did  occur.  Titanium 
carbide  balls  have  greater  oxidation  resistance  and  would  be  used  on 
any  further  hifh  tenperature  tests  at  1500*F. 


VI.  ULTRA -HIGH  VACUUM  BEARING  TESTS 


A.  Test  Procedure 


Each  bearing  used  In  the  tests  vas  assigned  a  nuober  euid  then 
was  disassembled,  inspected  and  cleaned.  Both  weight  and  linear  measure¬ 
ments  rare  made  on  all  bearing  ceagionents  including  the  one  piece  retainer. 
The  bearing  and  retainer  were  assembled  following  the  same  technique  as 
that  used  during  the  screening  tests. 

The  radial  clearance  of  the  bearing  was  meMured  in  12  different 
positions  using  a  Sheffield  gage.  The  values  were  averaged  to  obtain  the 
nominal  internal  radial  clearance.  The  assembled  bearing  after  all  the 
measurements  were  made  y&B  installed  in  the  housing  assembly.  Information 
was  also  obtained  on  each  of  the  facility  bearings.  The  spindle  and  motor 
bearings  were  Inspected,  measured  and  assembled  and  then  the  radial 
clearance  determined  In  a  process  similar  to  that  used  on  the  test  bearing. 
(This  operation  was  performed  only  when  the  facility  bearings  were  changed.) 

The  components  of  the  spindle  unit  and  the  drive  motor  were 
assembled  and  installed.  The  noise  level,  coasting  time  and  drive  motor 
power  input  were  determined  on  the  spindle  assembly. 

The  test  bearing  and  radial  weight  assembly  were  installed  on  the 
spindle  shaft,  the  cover  plate  assembly  was  bolted  in  position  and  the 
torque  wire  connected.  The  thermocouple,  heater  assembly  and  electrical 
lead  wires  were  installed  and  the  spindle  assembly  checked  to  Insure  free 
movement  of  the  bearing  weight.  After  installation  of  the  components  was 
complete,  the  interior  of  the  chamber  was  thoroughly  cleaned  with  ethyl 
alcohol.  In  some  of  the  tests,  a  stainless  plate  (check  for  oil  back 
streaming)  was  Installed  in  front  of  the  pui^)  outlet  duct  in  the  chamber. 

The  lid  with  a  new  gold  0 ring  gasket  was  placed  in  position  and  the  lid 
bolts  installed. 

The  test  chamber  wia  covered  with  an  eisbestos  blanket  and 
heat  was  slowly  applied  to  the  chamber.  The  temperature  of  the  dry  trap 
was  controlled  at  530*F.  The  temperature  of  the  cheunber  was  approximately 
100*F  lower.  For  the  tests  where  metal  retainers  were  to  be  evaluated, 
the  bakeout  tenqjerature  of  the  dry  trap  was  held  at  700*F  and  the  chamber 
was  600”F.  ThegChambor  was  cooled  emd  the  tests  started  when  the  pressure 
reached  the  10~  mm  of  Hg  range  with  the  exception  of  the  last  three  te!>ts. 
Immediately  after  the  spindle  started  to  rotate,  the  chamber  pressure 
increased  by  0.3  to  1  order  of  magnitude.  This  increase  was  not  so 
pronotinced  dturing  the  tests  tising  the  metal  retainers.  In  tests  at 
elevated  ten^eratures,  the  test  bearing  heater  was  used  during  the  bakeout 
procedure . 
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During  each  test  measurements  of  the  chamber  pressure,  test 
bearing  and  spindle  bearin,i  temperatures,  torque,  test  time,  and  motor 
pover  were  made  as  weli.  as  the  bearing  heater  current  when  the  heater 
was  used.  Most  of  this  data  is  recorded  in  Table  Ill.  The  torque  values 
were  obtained  by  observing  the  angle  through  which  the  75  lb.  weight 
assembly  rotated  as  the  bearing  was  started  and  continued  on  test.  Each 
time  the  test  was  stopped,  the  ’’zero"  position  of  the  rotating  weight  was 
checked  to  insure  no  shifting  of  the  torque  wire  or  housing  connectors 
had  occurred.  The  glass  sight  port  on  the  chamber  provided  a  good  view 
of  the  weight  assembly  and  heat  source,  which  made  rapid  detection 
possible  of  euiy  malfunction  of  the  teat  bearing  or  facility  equipment. 

After  test,  the  chamber  lid  was  removed  and  the  test  assembly 
Inspected.  In  tests  where  bearing  operation  was  marginal,  the  motor  drive 
shaft  was  slowly  rotated  by  hand  before  and  after  the  test  bearing  was 
removed  to  be  stire  that  no  malfunction  of  the  test  equipment  had  occurred. 
The  test  bearing  was  removed  from  the  test  weight  assembly  and  the  radial 
clearance  determined.  The  bearing  was  disassembled,  Inspected,  cleaned 
and  weighed.  Linear  measurements  of  the  congjonents  were  also  made.  The 
bearing  was  then  reassembled  and  a  check  of  the  radial  clearance  was  again 
made. 


The  inspection  procedure  was  modified  so  that  additional  operating 
time  could  be  accumulated  on  the  spindle  and  motor  bearings.  A  visual 
obsei^ration  determination  of  spindle  coasting  time  and  vibration  analysis 
was  sufficient  to  insiire  continued  operation  of  the  facility  bearings. 

During  the  test  program,  frequent  inspections  were  made  to 
insiu'e  no  backstreaming  of  oil  occurred  in  the  chamber.  A  deemed  stain¬ 
less  steel  specimen,  whose  surface  was  capable  of  being  wetted  with 
distilled  water,  was  placed  in  the  chamber  and  located  in  front  of  the 
dry  trap.  The  method  of  inspection  was  to  determine  if  the  surface  of  the 
specimen  was  still  capable  of  being  wetted  after  the  100  hour  bearing  test. 
No  oil  backstreaming  was  observed  during  the  program. 


B.  Results 


The  results  of  the  20  mra  bore  bearing  runs  in  an  ultra-high 
(hard)  vacuum  for  100  hours  or  less  with  various  dry  self-lubricating 
retainers  and  a  new  lubricating  technique  are  shown  in  Table  III  and  IV. 
The  detailed  data  observed  during  each  test  are  shown  in  Table  III  and 
include  bearing  temperature,  bearing  torque  and  chamber  pressure  measure¬ 
ments.  The  observed  test  data  are  plotted  as  curves  and  are  included  in 
this  report.  The  bearing  and  retainer  materials,  test  time,  average 
conditions  of  test,  along  with  weight  change  of  bearing  con^ionents,  and 
calculated  coefficient  of  friction  for  each  of  the  fourteen  tests  are 
listed  on  summary  Table  IV. 
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Test  No.  1 


The  first  test  was  a  preliminary  test  to  check  the  operation  of 
the  facility  bearings  and  facility  bearing  cooling  system  as  well  as  the 
test  bearing  (Number  l).  The  forward  heater  assembly  for  the  test  bearing 
was  not  Installed  and  it  was  possible  to  observe  the  bearing  through  the 
chamber  sight  port.  The  test  run  was  started  after  the  thermal  insulation 
was  removed  from  the  chamber  and  the  test  bearing  temperature  cooled  to 
approximately  150*F  after  the  high  temperature  "bakeout".  After  2?  hours 
of  test  operation,  water  was  circulated  through  the  pedestal  to  cool  the 
spindle  bearings  to  approximately  85“F.  The  corresponding  test  bearing 
tenperature  was  approximately  95*’F»  After  37  hours  of  operation,  the  test 
was  stopped,  the  bearing  removed  for  inspection  and  reinstalled.  The 
bakeout  cycle  was  rerun  and  then  the  test  was  resumed.  Inspection  of  the 
bearing  after  the  full  100  hours  of  test  indicated  that  the  amount  of  wear 
of  the  retainer  was  low  (0.2373  grams)  and  that  the  bearing  was  capable  of 
much  longer  operation.  The  20  mm  facility  bearings,  both  the  motor  and 
spindle  bearings,  during  this  test  run  incorporated  one  piece  plastic 
retainers  of  Fluorosint  material. 

Curves  indicating  the  bearing  temperature  and  chamber  pressure 
during  this  test  are  shown  as  Figure  7*  Torque  was  not  measured. 


Test  No.  2 


The  bearing  (Number  28)  with  the  Duroid  5813  retainer  success¬ 
fully  completed  the  100  hour  test  run.  Figure  8  is  a  photograph  of  the 
retainer  and  bearing  disassembled  after  test  shoving  each  of  the  components. 
The  bearing  after  the  100  hour  test  was  in  excellent  condition  and  capable 
of  much  longer  operation.  Wear  of  the  balls  and  races  weis  not  evident  and 
wear  of  the  Duroid  retainer  was  only  0.165k  greuns.  The  balls  and  races 
exhibited  an  increase  in  weight,  indicating  that  a  film  existed  on  the 
surfaces  of  the  bearing  coa^ionents  which  came  in  contact  with  the  retainer. 
The  average  internal  bearing  clearance  decreased  O.OOO7  inch  over  the 
100  ho\xr  test  period.  If  the  film  was  evenly  coated  on  the  racewaj's  and  . 
balls,  it  would  average  appimimately  0.0001  inch  in  thickness. 

The  conditions  of  test  are  shown  on  the  curves  of  Figure  9,  The 
chamber  pressure  was  slightly  lower  than  that  obtained  in  Test  No.  1.  The 
torque  was  higher  but  still  comparable  to  that  of  an  oil  lubricated  ball 
bearing.  After  two  hours  of  operation,  the  test  bearing  was  stopped  for  a 
period  of  16  hours  and  then  restarted  to  determine  if  the  film  would 
lubricate  during  a  transient  speed  condition  and  after  remaining  in  a 
static  condition  for  a  period  of  time.  No  increase  in  torque  or  noise 
level  was  noted  and  the  test  continued  without  incident. 


Ill- 15 


The  Fluoroslnt  retainers  of  the  spindle  and  motor  bearings  had 
been  replaced  with  Duroid  5813  retainers  prior  to  this  test.  In  addition, 
the  bear'^ng  heater  amd  the  torsion  wire  torqiie  device  were  Installed  and 
were  used  during  this  test. 


Test  No.  3 


Operation  of  the  test  bearing  (l8)  with  the  Fluoroslnt  retainer 
was  terminated  after  43.3  hours  because  of  the  fluctuation  in  torque,  eui 
Increase  in  noise  level,  and  a  gradual  Increase  In  ctiamber  pressure. 

Figure  10  is  a  photograph  of  the  bearing  components  and  the  broken 
Fluoroslnt  retainer  after  test.  Four  starts  were  made  during  the  test  to 
determine  the  degree  of  retainer  malfunction.  Wear  not  only  of  the 
retainer,  but  of  the  balls  and  both  races  had  occurred.  Based  on  an  average 
increase  of  0.0002  inch  in  radial  clearance  and  an  average  loss  of  0.0001 
inch  on  the  ball  diameters,  little  or  no  wear  occurred  on  each  raceway 
surface  and  wear  of  approximately  0.00005  inch  occurred  on  each  ball  surface 
for  the  43*3  hour  test  period.  An  analysis  of  the  wear  debris  using  x-ray 
diffraction  techniques  indicated  that  it  contained  iron  and  a  significant 
quantity  of  amorphous  material,  which  appeared  to  be  carbon.  This  ]Arge 
volume  of  carbon  was  formed  only  when  mica  was  present  in  the  PTFE.  It  did 
not  form  with  the  glass  fiber-MoSg  Duroid  5813  material.  T5ie  high  wear  of 
the  retainer  in  the  test  bearing  was  similar  to  the  wear  in  the  facility 
bearings  when  Fluoroslnt  was  used  as  the  retainer  in  both  the  spindle  and 
motor  bearings.  Although  wear  did  occur  on  the  test  retainer,  the  torque 
values  were  low  during  the  test. 

The  test  conditions  are  shown  as  c\irveB  in  Figiure  11.  The  torque 
was  erratic  during  the  first  l4.9  hours  of  test.  The  bearing  was  stopped 
three  times  during  this  period.  After  the  last  restart,  the  torque 
gradually  increased  along  with  the  noise  level  and  the  bearing  test  was 
terminated  after  43.4  hours. 


Test  No.  4 


The  test  bearing  (17)  with  the  coated  BG42  stainless  steel 
retainer  failed  after  23.1  hours  of  operation.  The  coating  on  the  retainer 
was  Surf-Kote  M1284.  Figure  12  is  a  photograph  of  the  disassembled  bearing 
showing  the  galling  that  occurred  on  the  retainer  and  the  lands  of  the  iniicr 
race.  The  mat  finish  on  the  balls  and  raceways  indicated  metallic  wear  had 
occurred.  The  average  loss  in  ball  diameter  was  0.0037  inch  and  the  average 
increase  in  radial  clearance  was  O.OO98  inches.  The  average  wear  of  the 
ball  surface  was  0,00l8  Inch  and  the  raceway  surface  wear  averaged  O.OOO6 
inch. 


Ill- 16 


Figure  13  is  a  curve  showing  the  test  conditions.  The  torque 
flucttiated  throughout  the  test.  The  noise  level  was  low  during  the  first 
few  hours  of  test  but  gradually  increased  as  the  test  progressed.  After 
4.7  hours,  the  bearing  temperature  slowly  increased  from  158*F  to  ITJ’F* 

In  an  effort  to  reduce  the  noise  level,  heat  was  applied  to  the  bearing 
until  a  temperature  of  200*F  was  reached.  The  noise  however  continued. 

The  test  was  stopped  after  16.5  hours  and  the  bearing  was  allowed  to  soak 
for  a  short  period  of  time.  When  the  test  was  resumed,  the  noise  level 
continued  to  increase  even  though  the  bearing  temperature  was  lowered  by 
increasing  the  flow  of  cooling  water  in  the  pedestal.  The  torque 
fluctuated  during  the  entire  test.  The  sudden  fluctuations  did  not  appear 
to  be  related  to  the  sudden  and  short  "grinding"  noises  that  occiurred  in 
the  bearing.  The  frequency  of  the  "grinding"  noise  continued  to  increase 
until  the  test  was  terminated. 


Test  No.  3 


The  bearing  (3)  with  an  uncoated  Inconel  X  retainer  and  a  special 
carbon-graphite  lubricating  (P5)  ring  was  used  in  Test  No.  5*  The  bearing 
seized  after  0.1  hour  of  operation  causing  the  torsion  wire  to  break  at 
the  housing  weld.  Figure  l4  is  a  photograph  showing  the  bearing  components 
and  the  broken  P5  carbon  ring  after  test.  An  exploded  schematic  of  the 
lubricating  ring  device  is  shown  in  Figure  15  and  discussed  later  in  the 
report.  The  bearing  failure  was  probably  caused  by  the  P5  ring  bresdcing 
and  becoming  wedged  between  the  race  and  the  retainer.  Slight  galling 
occurred  on  the  inner  surface  of  the  retainer  and  the  lands  of  the  inner 
race.  No  galling  and  little  wear  was  observed  on  the  surfaces  of  the 
balls  or  the  pockets  of  the  retainer.  The  wear  and  galling  pattern 
indicated  that  riabhing  of  the  retainer  on  the  race  lands  is  more  critical 
than  rubbing  of  the  ball  in  the  retainer  pocket.  Q?he  test  conditions 
not  observed  dxuring  this  short  test. 


Test  No.  6 


The  same  combination  of  bearing,  retainer  and  ring  material  that 
failed  so  quickly  in  Test  No.  5  "’uc  ogoin  tested,  HcT'?ever,  in  this  test 
the  Inconel  X  retainer  was  coated  with  a  dry  lubric.ant  coating,  Surf-Kote 
M1284.  The  operation  of  the  bearing  (22)  with  the  coated,  retainer  and 
lubricant  ring  combination  was  terminated  after  71*0  hours  because  of  a 
failure  of  the  test  bearing  heater.  Figure  16  is  a  photograph  showing  the 
bearing  components  and  lubricating  ring  after  test.  Excessive  wear  of  all 
the  bearing  components  had  occurred.  An  average  increase  of  O.OI67  inch 
occurred  in  the  radial  clearance  and  an  average  reduction  of  0,0009  inch 
occurred  in  the  hall  diameter.  Average  wear  -of  each  race  surface  was  0.0037 
inch,  while  the  bail  wear  was  approximately  0.0004  incii  for  each  surface. 
This  Indicated  a  much  greater  wear  rate  on  the  raceway  than  that  which 
occurred  on  the  balls. 


Ill- 17 


'The  curves  indicating  the  conditions  of  test  are  shown  in  Figure  17. 
The  bearing  temperature  was  3^6 *P  at  the  start  of  the  test  but  gradually 
dropped  to  approximately  275 “F*  The  initial  torque  was  high  but  began  to 
decrease  sifter  7  hours.  The  bearing  noise  gradually  increased  but  after 
24.5  hours  of  test  the  noise  level  was  reduced  and  torque  further  lowered 
by  Increasing  the  bearing  temperature  to  approximately  450®F.  The  noise 
level  gradually  increased  and  a  stop  and  start  were  made  at  55.5  hours  to 
determine  if  any  change  would  occur  in  the  noise  level  or  torque  value.  No 
change  was  noted.  After  70.0  hours  of  test,  the  bearing  temperature  was  to 
be  increased  to  900 ®F  but  the  heater  for  the  test  bearing  failed  and  the  test 
was  terminated.  During  this  test,  it  was  significant  to  note  that  although 
wear  did  occur  in  the  bearing  the  torque  was  extremely  low.  The  use  of  the 
coating  on  the  retainer  increased  the  bearing  life  seme  over  that  of  the 
unooated  retainer  but  did  not  prevent  excessive  bearing  wear. 

Test  No.  7 


Operation  of  the  bearing  (24)  with  the  M-20  coated  races,  M-20 
coated  bg42  steel  retainer  and  the  P2W  lubricating  ring  was  teiminated  after 
1.0  hour  of  operation  because  of  an  equipment  malfunction.  A  special  ceramic 
insulator  used  as  the  hub  of  the  disk  weight  assembly  fractured.  A  75  pound 
radial  weight  made  of  chromium  plated  copper  was  fastened  to  the  insulator 
and  was  installed  for  this  test  so  that  t)ie  bearing  could  be  tested  at  higher 
temperatures.  This  method  of  fastening  the  disk  to  the  insulator  was  found 
unsatisfactory. 

A  photograph  of  the  bearing  after  test  is  shown  in  Figure  18. 

The  components  were  in  excellent  condition,  however  the  M-20  coating  had 
flaked  in  the  raceway  area,  indicating  poor  adhesion  to  the  raceway 
surface.  This  had  been  the  first  time  that  this  coating  had  been  applied 
to  ball  bearing  surfaces.  Perhaps  with  a  refined  processing  technique, 
this  coating  may  have  satisfactory  bonding  characteristics.  No  data  was 
recorded  during  this  test. 

Test  No.  8 


The  test  bearing  (l8)  using  Surf-Kote  M-1284  coated  races  and 
BG42  retainer  with  an  electrographic  carbon  P2W  ring  completed  the  100 
hour  test.  Figure  19  is  a  photograph  showing  the  bearing  components  and 
lubricating  ring  after  test.  Wear  of  both  the  bearing  and  the  retainer  was 
excessive.  The  average  increase  in  the  radial  clearance  was  0.0220  inch 
and  the  average  decrease  in  the  ball  diameters  was  0.0064  inch.  Tlie  average 
wear  of  each  race  surface  was  0.0023  inch  while  the  average  wear  of  each 
ball  surface  was  O.OO32  inch. 


Ill- 18 


Lubrication  of  the  bearing  vas  provided  not  only  by  the  lubri¬ 
cating  ring  but  also  by  tvo  P2V  carbon  lubricating  sticks  that  were 
contained  in  two  stagered  holes  in  each  inner  race  land.  The  holes  were 
placed  in  such  a  position  that  they  were  in  static  and  dynamic  balance  and 
also  pennitted  the  sticks  to  lubricate  the  retainer  over  the  full  width  of 
each  land. 


The  conditions  of  teat  are  shown  by  the  curves  in  Figure  20. 

The  torque  was  extremely  high  at  the  start  of  the  test  and  after  k  hours 
dropped  to  a  low  value  and  remained  constant  during  the  remaining. period 
of  test.  The  temperature  at  the  beginning  of  test  was  125*F,  but  was  raised 
with  the  aid  of  the  heater  to  approximately  170®F  after  1  how  of  test  and 
then  lowered  to  lU0‘F  after  2k  hours  of  test.  The  temperature  was  held  at 
l4o‘F  until  the  100  hour  test  was  con^leted.  The  chamber  presswe  remained 
constant  at  approximately  2.0  x  10“’^  mm  of  Hg. 

The  original  clearance  on  this  bearing  was  small  because  of  the 
M-1284  coating  on  both  the  inner  and  outer  race.  Ilhe  coating  was  rather 
heavy ^  having  an  average  thickness  of  0.0007  inch  on  each  metal  surface. 

The  normal  thickness  of  coating  would  be  approximately  0.0003  inch. 


Test  No.  9 


The  Slnetex  retainer  vas  operated  in  test  bearing  12  for  100  hours. 
Figure  21  is  a  photograph  of  the  bearing  and  retainer  after  test.  The 
retainer  broke  Into  4  pieces  and  apparently  had  operated  for  approximately 
19  hours  in  the  broken  condition.  Extremely  light  wear  was  noted  on  the 
outer  race  and  balls  with  no  wear  occurring  on  the  inner  race.  Light  wear 
was  noted  on  the  retainer.  A  lubricating  film  was  detected  on  the  inner 
raceway  and  balls.  This  film  will  be  discussed  later  in  the  report.  The 
Sinetex  retainer,  even  though  broken  sometime  dwing  the  test,  had  lubricated 
the  bearing  without  significant  wear  during  the  100  hours. 

The  conditions  of  test  are  shown  in  the  curves  of  Figure  22.  The 
tearperatU2«  of  the  test  bearing  was  maintained  between  ISOT  and  l60®F 
during  the  entire  test.  The  torque  was  rather  high  but  dropped  and  remained 
cons'fcant  at  a  value  of  4  in.  oz.  after  4  hours  of  test.  The  pressvure 
averaged  1.7  x  10“T  mm  of  Hg  for  the  entire  test.  The  bearing  noise  level 
was  extremely  low  except  for  a  small  but  significant  increase  after  the  Slat 
hour  of  test.  The  retainer  may  have  broken  during  this  period  of  time. 

No  change  in  bearing  torque  or  teii5)erature  was  observed. 


Test  No.  10 


The  bearing  (9)  with  a  BG42 
ring  was  tested  at  ten^jeratures  above 
of  operation  to  determine  wear  at  the 


coated  retainer  and  P2W  lubricating 
4oO*F  and  was  stopped  after  72  hours 
three-quarter  point  of  the  test. 


Ill- 19 


Figure  23  is  a  photograph  shoving  the  bearing  and  lubricating  ring.  Ibe 
bearing  components  showed  considerable  wear  and>  except  for  the  retainer, 
the  amount  of  wear  was  proportional  to  the  corresponding  components  of  the 
bearing  in  Test  No.  8.  The  average  increase  in  the  internal  clearance  was 
0.0191  inch  and  the  average  loss  in  ball  dieuneters  was  0.00^2  inch.  The 
average  wear  on  each  raceway  was  0.0027  inch,  while  wear  of  each  ball 
surface  was  0.0021  inch.  Again  the  area  of  greatest  wear  on  the  retainer 
was  the  ball  pockets.  Abrasive  wear  could  be  observed  on  the  bore  of  the 
retainer  and  corresponding  ovtter  lands  of  the  inner  race. 

The  conditions  of  test  are  shown  in  the  ctirves  of  Figure  Zk. 

The  bearing  temperature  at  the  start  of  the  test  was  200*’F.  Appro;;ilmatcly 
6  hours  was  required  to  reach  the  operating  temperature  of  l400*F-i»-50*F. 

The  torque  dropped  from  the  original  value  but  gradually  rose  again  after 
the  bearing  reached  the  operating  temperature.  No  change  in  torque  was 
observed  idien  the  bearing  was  stopped  and  restarted  after  17 hours  of 
test.  The  average  pressure  of  the  chamber  during  the  test  weis  6.0  x  10"^ 
mm  of  Hg. 


Teat  No.  11 


The  Sinetex  retainer,  reinforced  with  a  thin  band  of  M-10  tool 
steel,  completed  the  100  hour  test  without  incident.  Figure  25  is  a 
photograph  which  shows  the  bearing  (^)  coa^onents  after  test.  Only 
slight  wear  can  be  seen  in  the  ball  pockets  and  the  bore  of  the  retainer. 

The  average  internal  clearance  of  the  bearing  decreased  O.OOO3  inch, 
indicating  an  average  film  on  the  raceway  and  ball  surfaces  of  approximately 
O.OOOOU  inch.  This  film  resulted  in  a  gain  of  weight  for  the  outer  race, 
inner  race  and  balls.  A  better  film  was  obtained  in  this  test  than  that 
obtained  with  the  unbanded  Sinetex  retainer  (Test  No.  9)  ^  shown  by  a 
greater  weight  loss  of  the  retainer  and  greater  weight  gain  of  the  bearing 
components . 

The  conditions  of  test  are  shown  in  the  curves  of  Figure  26.  The 
bearing  operated  without  noise  or  vibration  during  the  entire  test.  No 
increase  in  the  torque  or  noise  level  was  noted  when  heat  was  supplied  to 
the  bearing  to  raise  the  operating  tezsperature  after  SO  hours  of  test. 
Although  the  torque  was  steady,  the  retainer  had  a  higher  rubbing  friction 
than  that  of  the  Duroid  5813  retainer  bearings  operating  at  a  comparable 
load  and  speed.  The  average  chamber  pressure  was  3*3  x  10~7  mm  of  Hg. 

IHie  expected  life  of  a  self-lubricated  bearing  with  either  Duroid 
5813  or  Sinetex  retainer  would  be  much  greater  than  100  hours.  The  operating 
ten5)erature  range  of  the  Duroid  5613  inaterial  Is  approximately  l60*P,  while 
the  Sinetex  retainer  operated  satisfactory  at  a  temperature  of  450*P. 
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Teat  Ho.  12 


Operation  of  the  test  bearing  (ll)  using  a  coated  BG42  steel 
retainer  and  a  SK278  carbon  lubricating  ring  containing  a  high  percentage 
of  MoSg  vas  terminated  after  33  hours,  Figure  27  is  a  photograph  of  the 
bearing  and  lubricating  ring.  The  bearing  oong>onents  exhibited  excessive 
wear.  The  average  increase  in  radial  clearance  was  0.0302  inch  and  the 
average  decrease  in  ball  diameters  was  0.0117  inch.  The  average  wear  of 
the  raceway  surface  was  0.0017  inch  while  the  wear  of  each  ball  surface 
was  0.0058  inch.  The  major  part  of  the  wear  occurred  on  the  balls  rather 
than  on  the  retainer,  a  pattern  different  than  that  e)5)erienced  in  Test 
No.  8  and  Test  No.  10.  This  high  wear  of  the  balls  may  be  attributed 
to  the  large  amo\md  of  carbon-graphite  particles  worn  from  the  soft  lubri¬ 
cating  ring  material. 

The  conditions  of  test  are  shown  in  the  curves  of  Figure  28. 

The  bearing  temperature  was  raised  from  325“F  at  the  start  of  the  test 
to  approximately  400®F  in  the  first  hour  and  held  at  that  value  for  the 
remaining  portion  of  the  test  period.  The  torque  started  at  a  low  value 
and  climbed  at  a  rapid  rate  until  reaching  9  in.  oz.  after  I9.O  hours  of 
test  and  then  leveled  off  and  remained  constant  for  the  remaining  part 
of  the  te&t.  The  noise  level  gradually  increased  with  the  torque  value 
during  the  first  20  hours  and  finally  became  severe  after  30  hovirs  of 
operation.  The  test  was  terminated  3  hours  later. 


Test  No.  13 


Operation  of  the  test  bearing  (7)  using  a  coated  M-10  retainer 
and  M-10  bearing  with  a  P2W  carbon  ring  was  terminated  after  6  hours  of 
test  because  of  a  malfunction  of  the  test  equipment.  Figure  29  is  a 
photograph  of  the  bearing  and  lubricating  ring.  The  bearing  components 
are  In  excellent  condition  but  some  wear  was  evident  on  the  balls  and 
raceways  as  Indicated  by  the  mat  surfaces.  All  the  bearing  co]ig)onents 
lost  weight  apparently  indicating  wear,  but  the  average  increase  in 
internal  clearance  was  less  than  the  average  decrease  on  the  diameter 
of  the  balls.  The  exact  reason  for  this  wear  pattern  is  not  known  unless 
a  film  formed  on  the  raceways  faster  than  wear  occurred  in  the  balls. 

The  conditions  of  test  are  shown  in  the  curves  of  Figure  30. 

The  test  was  started  at  a  teii5)erature  of  825*F  and  within  two  hours 
reached  a  value  of  900*F.  After  5  hours  of  operation,  the  900®F  temperatiire 
could  not  be  maintained.  The  test  was  stopped  and  the  temperature  was 
lowered  to  400*F.  After  I6  hours,  the  test  was  resumed  but  eigain  stopped 
one  hour  later.  The  torque  remained  constant  at  a  low  value  during  the 
entire  test. 

This  was  the  first  bearing  test  scheduled  for  temperat\ares  above 

1000*F. 
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Test  No.  and 


The  test  bearing  (A)  using  a  coated  M-10  steel  retainer,  Stellite 
19  races,  tungsten  carbide  balls  and  56HT  lubricating  ring  uas  operated  for 
24.0  hours  at  a  temperature  of  1100*F  (Test  l4).  Later  in  the  same  test, 
as  both  the  test  and  facility  bearing  temperatvires  were  decreased,  the 
forward  spindle  bearing  (25)  using  Sinetex  retainers  was  operated  at  a 
teng)erature  of  -300*F  for  3*6  hours  (Test  14A). 

Figure  31  is  a  photograph  of  the  Stellite  test  bearing  after  24.0 
hovirs  test  at  a  temperature  of  1100*F  euid  3*6  hours  at  tcTigjcratures  belov 
200*F.  Wear  of  the  bearing  con^jonents  was  low.  The  increase  in  the  average 
radial  clearance  was  0.0002  inch  and  an  average  reduction  in  the  ball 
diameters  was  0.0001  inch.  The  wear  of  each  raceway  was  extremely  small 
with  almost  all  wear  occurring  on  each  ball  surface.  Wear  of  the  lubri¬ 
cating  ring  was  small,  indicating  that  having  less  carbon-graphite  in  the 
bearing  than  in  previous  teats  may  provide  better  lubrication.  Some 
reduction  in  wear  may  be  due  to  the  con^iositlon  of  the  carbon  ring.  The 
56HT  material  contained  a  metallic  salt  and  oxidation  inhibitor.  This 
same  material  when  used  as  the  retainer  in  a  204  bearing  in  another  test 
program,  provided  excellent  dry  lubrication  at  a  temperature  of  972*F  in 
a  dry  nitrogen  atmosphere  under  a  5  lb.  radial  load. 

The  conditions  of  test  for  the  Stellite  high  ten^ierature 
bearing  with  the  coated  M-10  retainer  is  shown  in  the  curve  of  Figure  32. 

The  torque  was  low  and  viniform  after  an  initial  fluctuation  period  during 
the  first  several  hovirs  of  test.  The  noise  level  was  low  and  the  bearing 
appeared  to  be  capable  of  operating  for  a  much  longer  period  of  time  when 
the  teat  bearing  was  stopped  and  all  the  bearings  cooled  for  the  low 
temperature  start  and  operation. 

In  Test  14A,  only  the  forward  bearing  of  the  two  front  spindle 
bearings  was  instrumented.  The  aft-front  spindle  bearing  was  probably 
at  or  near  the  same  temperature  as  the  forward  bearing  during  most  of  the 
test.  Figure  33  is  a  photograph  of  the  spindle  bearing  with  a  banded 
Sinetex  retainer  after  the  24,0  hour  operation  at  temperatures  above  100*F 
euid  the  3.6  hour  operation  at  -300*F.  The  bearing  coii5)onents  and  retainer 
are  in  excellent  condition.  The  average  radial  clearance  decreased  0.0002 
inch  and  the  average  diameter  of  the  balls  increased  0.0001  inch.  This 
Indicated  that  a  film  was  on  the  balls  but  probably  only  a  light  film  on 
the  raceways.  A  weight  increase  of  the  inner  and  the  outer  race  did 
indicate  an  extremely  light  film  on  the  raceway.  The  spindle  bearing  was 
operated  intermittantly  as  the  liquid  nitrogen  we«  circulated  throxigh  the 
pedestal  to  lower  the  temperature  to  -300*F.  The  bearing  components  and 
retainer  are  in  excellent  condition. 

The  bearing  test  conditions  at  the  cryogenic  ten^jerature  are 
shown  in  the  curves  of  Figure  3^*  The  bearing  started  and  operated  at 
-300”?  without  incident.  Although  the  torque  measurement  could  not  be 
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made  at  the  low  temperature,  no  surge  of  power  or  change  in  the  low  noise 
level  was  observed.  The  amperes  drawn  by  the  drive  motor,  as  measured  by 
a  polyphfise  ammeter,  remained  relatively  uniform  for  both  the  high  temp¬ 
erature  (l4)  and  low  tes^erature  (l^)  tests.  The  teioperature  of  the 
motor  and  test  bear;lng  range  from  0*F  to  200°F.  The  approximate  load  on 
each  of  the  two  front  spindle  bearings  was  50  lbs. 


C.  Facility  Bearings 


Test  data  was  also  obtained  on  the  Durold  5813  retainers  tJtsed  in 
the  bearings  of  the  drive  motor  and  test  spindle  assembly.  This  information 
was  used  to  prepare  cinrves  showing  the  relationship  of  load  and  retainer 
wear  with  bearing  life.  The  bearings  were  in  the  chamber  6uid  operated  at 
the  same  average  pressure  as  the  test  bearings.  The  operating  tes^eratures 
were  controlled  within  the  range  of  86“P  to  200*F.  The  location  and 

calculated  radial  load  for  each  bearing  is  shown  below: 

Bearing  Location  Radial  Load,  Lbs. 

Front  Motor  Bearing  1.8 

Rear  Motor  Bearing  1.8 

Rear  Spindle  Bearliig  30.0 

Front-Forward  Spindle  Bearing  51.0 

Front-Aft  Spindle  Bearing  51.0 

Th;  i'u;; .11  s  of  the  motor  and  spindle  bearings  using  the 
Durold  5613  retainers  are  shown  in  Table  V.  Bearings  No.  10,  20,  25  and  27 
were  removed,  measured  and  reinstalled  during  the  test  program.  The 
remaining  bearings  were  only  removed  at  the  time  of  repILacement .  All  of 
the  bearings  were  in  good  operating  condition  when  they  were  replaced 
during  the  test  program. 

Wear  of  the  Durold  5813  retainers  in  the  facility  bearings  euid 
the  two  test  bearings  is  plotted  as  a  function  of  operating  time  and  load 
in  the  cvoves  of  Figure  wear  of  the  Slnetex  retainers  used  in 

two  test  bearings  is  also  included.  Vew  of  the  Durold  retainers  in  the 
test  bearings  (Test  1  and  d)  altnough  e'xtremely  low,  was-  a  larger  wear, 
per  cent  of  total  retainer  weight  than  wear  in  any  of  the  facility  bearings! 
The  Slnetex  retainers,  one  banded  the  other  unbonded,  bad  a  less  wear 
(per  cent  of  total  retainer  weight)  than  the  Duroid  5813  retainers  in  the 
two  test  bearings.  It  appeals  that  Slnetex  retainers  would  give  the  longer 
life  both  at  l60“F  and  460®F  as  compared  to  the  Duroid  5813  retainer  >dilch 
was  tested  at  130  to  l60*F.  Considerable  spread  in  retainer  wear  was  noted 
for  the  two  front  spindle  bearings.  This  is  understcmdable  since  the  two 
bearings  operated  at  different  tengwratures  and  different  thrust  loads* 

If  both  bearings  evenly  8i5)port  the  load  in  the  test  facility,  the  load  on 
each  would  be  5I  lb.  Bearings,  No.  I5  and  No.  23,  operated  at  conditions 
less  severe  than  bearings  No.  25  and  No.  27. 
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The  retainer  wear  of  the  motor  bearings  ¥a8  extremely  low  vaider 
their  light  loads •  These  bearings  operated  under  almost  constant  conditions 
of  ten^erature  and  load  for  all  the  tests. 


D.  Discussion 


Tlie  measxirement  of  wear  of  tiie  bearing  components  by  weight  gain 
or  loss  is  someidiat  inaccurate.  The  retainers  were  inner  land  riding  and 
if  the  self -lubricating  retainer  provided  effective  lubrication,  as  did 
only  the  Duroid  5813  and  the  Sinetex  material,  a  film  occurred  not  only  in 
the  ball  path  but  also  in  the  race  land.  If  the  retainer  exhibited  wear 
on  the  contact  surface,  a  weight  gain  by  galling  or  a  weight  loss  by 
abrasion  or  a  combination  of  weight  gain  and  loss  could  occur  on  the  inner 
race.  Wear  of  the  raceway  of  both  races  was  considered  as  an  average  even 
though  wear  of  the  outer  race  was  concentrated  in  the  area  of  the  load 
zone  only. 


The  wear  was  calculated  from  the  reduction  in  bail  diameter  and 
the  Increase  in  internal  cleareuice  as  noted: 

Raceway  wear  of  each  surface  =  (Rq  -  Rcl)  -2  (d-d;, ) 

4 


Ball  wear  of  each  surface  =  2  (d-d^) 

- 

Rq  «  Initial  Radical  Clearance  in  Inches 
R^^  a  Final  Radical  Clearance  in  Inches 
d  °  Initial  Ball  Diameter 
d^  =  Pinal  Ball  Diameter 

Other  methods  were  also  used  to  determine  effective  lubrication 
of  the  two  satisfactory  self-lubricating  material.  Photo  micrographs  (20X) 
were  taken  of  the  raceways  showing  a  "buildi^"  of  the  film.  A  view  of  a 
typical  spot  on  the  raceway  of  an  imused  inner  race  is  shown  in  Figure  36a. 
The  grinding  marks  are  easily  distinguishable  running  parallel  to  the  race 
groove.  ^  The  photograph  on  Figure  36b  is  of  the  inner  race  of  the  bearing 
\jsed  in  Test  9  after  100  hours  operation  and  shows  the  Teflon  film  formed. 
The  thickness  of  this  coating  is  more  than  sufficient  to  provide  adequate 
bearing  lubrication  and  may  be  as  much  as  a  thousand  times  the  thickness 
of  the  film  of  an  oil  lubricated  bearing.  The  photograph  on  Figure  37®  is 
a  view  of  the  outer  race  of  an  unvused  bearing  and  the  photograph  on  Figure 
37b  is  a  view  of  the  outer  race  of  the  bearing  used  in  Test  11  after  100 
hours  of  operation.  The  coating  on  a  ball  used  in  Test  11  is  shown  in  the 
photograph  on  Figure  38a.  A  light  was  directed  at  the  ball  in  the  center 
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of  the  photograph,  The  dark  area  surrounding  the  center  of  the  photograph 
is  caused  by  the  light  reflection.  The  Teflon  film  covers  the  grinding 
marks  and  is  streaked  as  if  caused  by  weaving  a  paint  brush  along  on  a  newly 
painted  surface.  The  large  dark  spots  are  a  mixture  of  Teflon,  Molybdenum 
disulfide  and  bronze.  The  photograph  shown  on  Figure  38h  is  a  view  of  a 
Sinetex  retainer  pocket.  At  the  bottom  of  the  figure  can  be  seen  the  edge 
of  the  steel  band.  Above  the  band  is  the  wear  area  caused  by  rubbing  of 
the  ball  in  the  pocket.  Above  the  wear  area  is  the  surface  of  the  porous 
filled  Sinetex  material. 

No  attempt  was  made  to  determine  the  life  of  the  two  types  of 
self-lubricating  retainers  that  provided  satisfactory  lubrication  of  2Dk 
size  20  mm  bore  bearings  operating  in  an  ultra-high  vacuum.  Sufficient 
information  has  been  obtained  to  indicate  that  life  is  much  greater  than 
the  100  hours  that  the  materials  were  operated  in  the  test  chamber. 

The  test  results  of  the  facility  bearings  give  some  indication 
of  wear  vs,  life  for  various  bearing  loads.  Although  a  small  weight  loss 
of  some  ol’  the  races  and  balls  was  observed,  no  measureable  wear  of  the 
ball  or  raceway  diameters  could  be  detected. 

The  unit  (Hertz)  stress  has  been  calculated  for  the  test  bearing 
at  various  loads  and  plotted  as  a  curve  in  Figure  39.  Wear  can  be  coi^pared 
to  various;  levels  of  vinlt  stresses  within  the  range  of  loads  tested  and 
should  give  some  indication  of  wear  of  different  size  of  beB,rings  if  the 
ui'.it  stress  is  heju  co.is^ul. 

Some  information  was  obtained  with  regard  to  bearing  speeds. 

Test  bearings  with  Sinetex  retainers  were  operated  in  the  vacuum  chamber 
at  DN  values  up  to  220,000  for  50  hours  at  light  loads  of  1.8  lb. 

The  internal  radial  clearance  of  a  bearing  should  not  have  an 
effect  on  bearing  life  if  sufficient  clearance  is  provided  for  the  dry 
lubricant  film.  The  motor  bearings  had  an  internal  clearance  of  .0010 
inches  and  operated  satisfactory  at  light  loads.  The  test  and  spindle 
bearings  had  an  internal  radial  clearance  of  .0035  inches  and  operated 
satisfactory.  It  is  recommended  that  .0010  Inch  be  considered  as  the 
minimum  internal  clearance  for  204  size  20  mm  bore  bearings. 

It  also  became  apparent  during  the  tests  of  self -lubricating 
retainers  in  the  bearings  that  no  direct  relationship  existed  between  wear 
euid  friction.  This  was  especially  noted  in  the  tests  where  the  carbon 
graphite  was  used  as  a  lubricemt.  The  carbon  proved  to  be  an  ineffective 
lubricant.  An  X-ray  diffraction  analysis  of  the  wear  debris  removed  from 
bearing  tests  No.  8,  12  and  13  were  all  alike  and  identified  as  a  metallic 
carbide  (opp  M7C0)  emd  a  minor  xmidentified  phase.  The  metallic  carbide 
may  have  any  combination  of  Pe,  Cr,  Mn,  V  and  Mb  and  carbon. 


Ill- 25 


1 

VII .  CONCLUSIONS  j 


1.  Conventional  204  size,  20  nm  tool  steel  tall  bearings  have 
been  adapted,  with  the  aid  of  self -lubricating  retainer  materials,  for 
use  in  an  ultra-high  vacuum  en'/ironment . 


2.  Bearings  Incorporating  dry  lubricaiits  were  operated  under 


of  Hg  pressiore  for  100  hours  with  no  measurable  wear  occurring  on  the  races 
or  balls . 


3.  The  feasibility  of  operating  20  inm  bore  bearings  at  temper¬ 
atures  above  1000 ®F  in  a  vacum  environment  was  demonstrated, 

4.  A  bearing  incorporating  a  dry  lubricant  vas  successfully 
started  and  operated  at  r.  tcsrperatajc-e  of  -300 °F  in  a  vacuum  environment. 

5.  Sufficient  test  data  has  been  obtained  to  verify  that  other 
bearing  sizes  in  addition  to  2(jk,  20  iran  bore  bearings  nen  be  adapted  for 
use  in  a  vacuum  environment  where  the  maximum  load,  unit  stress  and  speed 
for  each  bearing  can  be  specified. 

6.  Of  the  two  satisfactory  self -lubricating  retainer  materials, 
Duroid  5813  (filled  Teflon)  exhibited  slightly  higher  wear  and  lower 
friction  than  did  the  Slnctox  (impregnated  sintered  bronze). 

Prepared 

P.  He  Bowen 
Project  Engineer 


Supervised  By 


E.  S.  Bober 
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Description  of  Dry  Powders  and  Self  Lubricating  Materials 
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Coxp,  Phenolic  resin  with  MoS. 


SCREENING  2ESTS  (F  RETAINERS  IN  MRC  BEARING 
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TABU)  III 


ULTRA-HIGH  VACUUM  BEARING  TEST  DATA 


Test  1 

-  Durold  5813  Retainer 

Test 

_2  -  Duroid  5813  Retainer 

Time 

Pressiire 

Beeu:ing 

Bearing 

Time 

Pressure 

Beairlng 

Bearing 

Hrs. 

mm  of  Hg. 

Temp. 

Torque 

Hrs. 

mm  of  Hg< 

Temp. 

Torque 

X  1x10"' 

*F 

m.-oz. 

X  1x10“' 

y 

In.-Qz. 

0.0 

0.7 

150 

43 

0.0 

0.2 

150 

1.0 

5.4 

160 

tt 

dl 

1.0 

4.0 

169 

• 

3.0 

5.6 

165 

S 

2.0 

3.5 

174 

2.0 

10.0 

6.5 

160 

bO 

qj 

2.0* 

0.3 

123 

- 

17.0 

4.7 

118 

4.5 

3.6 

126 

- 

27.0 

4.6 

95 

6.6 

6.0 

127 

2.5 

3i*.0 

2.6 

95 

8.0 

4.0 

120 

2.0 

37.0 

2.5 

95 

24.0 

3.4 

134 

2.0 

37.0* 

0.8 

175 

b 

29.4 

5.0 

132 

2.0 

39.0 

4.4 

176 

to 

48.0 

2.2 

128 

- 

4.2 

120 

S 

54.0 

2.4 

131 

2.0 

58.0 

3.4 

110 

t 

64.0 

2.2 

130 

2.0 

63.0 

3.5 

100 

K 

79.0 

3.4 

135 

2.0 

79.0 

4.2 

95 

a 

100.0 

2.0 

135 

2.0 

83.6 

3.1^ 

90 

s 

102.0 

2.8 

90 

Ave. 

3.2 

Ave. 

3.7 

Test  3 

-  Fluorosint  Retainer 

Test 

4  •  BG-42 

Steel  Retainer 

Time 

Pressure 

Bearing 

Bearing 

Time 

Pressure 

Bearing 

Bearing 

Hrs. 

mm  of  Hg. 

Temp. 

Torque 

Hrs. 

mm  of  Hg. 

Ten^p. 

Torque 

X  1x10“' 

•f 

In.-Oz. 

X  1x10“' 

'F 

In.-Oz. 

0.0 

0.1 

160 

0.0 

0.3 

152 

1.0 

9.0 

122 

4.0 

1.0 

2.9 

165 

5.5 

3.0 

6.7 

147 

2.0 

2,5 

2.9 

162 

6.0 

3.0* 

0.2 

150 

- 

3.0 

2.3 

164 

4.0 

4.0 

5.1 

150 

1.0 

4.7 

1.9 

158 

4.0 

7.3 

7.5 

136 

1.0 

9.0 

1.9 

175 

4.0 

7.3* 

0.4 

- 

- 

11.0 

0.9 

175 

6.0 

8.6 

2.5 

129 

2,0 

13.7 

0.9 

195 

5.0 

12.8 

It. 3 

130 

- 

15.7 

1.0 

195 

4.5 

i4.9 

5.0 

130 

2.0 

16.5 

1.0 

195 

4.5 

14.9* 

0.4 

- 

2.0 

16.5* 

0.6 

160 

- 

16.0 

4.1 

122 

2.0 

19.0 

2.0 

175 

4.0 

39.0 

6.9 

125 

3.0 

21.0 

2.8 

175 

4.0 

43.3 

7.0 

127 

3.5 

23.0 

2.8 

175 

4.0 

Ave. 

4.7 

Ave. 

1.7 
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T^at  3  -  Data  Not  observed  Test  7  -  Data  Not  Observed 

Test  6  -  Coated  Inconel  X  Retainer  Test  8  -  Coated  BG-42  Steel  Retainer 


Time 

Pressure 

Bearing 

Bearing 

Time 

Pressiire 

Bearing 

Bearing 

Hrs. 

am  of  Hg. 

Temp. 

Torque 

Hrs. 

mm  of  Hg. 

Temp. 

Torque 

X  1x10*' 

°F 

In.-Oz. 

X  HclO’' 

“F 

In. -02. 

0.0 

0.8 

346 

0.0 

0.7 

125 

1.0 

7.0 

310 

4.0 

1.0 

2.3 

172 

8.0 

2.0 

2.3 

275 

4.5 

2.0 

2.9 

170 

7.0 

10.0 

2.2 

267 

2.0 

4.0 

2.7 

178 

- 

20.C 

2.6 

260 

2.0 

24.0 

1.8 

140 

3.0 

Sk.5 

3.7 

260 

2.0 

57.0 

2.0 

l4o 

- 

24.5* 

0.9 

490 

3.0 

67.0 

2.0 

135 

2.0 

26.0 

5.8 

455 

1.0 

72.0 

2. .3 

142 

- 

30.0 

1.8 

447 

1.0 

73.0 

2.3 

145 

2.0 

38.0 

2.0 

450 

1.0 

77.0 

2.3 

142 

• 

43.0 

0.9 

435 

1.0 

91.0 

2.3 

145 

2.0 

48.0 

1.7 

430 

1.0 

93.0 

1.5 

145 

• 

55-5 

1.7 

4io 

■- 

96.0 

1.6 

145 

2.0 

55.5* 

0.2 

420 

1.0 

99.0 

1.7 

145 

•• 

58.0 

2.0 

417 

1.5 

100.0 

1.6 

145 

2.0 

6*!  .0 

9.5 

I130 

1.3 

70.0 

2.1 

420 

i.b 

Ave. 

2.0 

Ave. 

2.9 

Test  9 

«  Slnetex  Retainer 

Test 

10  -  EG-42  Steel  Retainer 

Time 

Pressure 

Bearing 

Bearing 

Time 

Pressure 

Bearing 

searing 

No. 

mm  of  Hg. 

Temp. 

Torque 

Hrs. 

nm  of  Hg. 

Temp. 

Torque 

X  1x10"' 

T 

In.'^s. 

X  IxlO'f 

"F 

In. -02. 

0.0 

0.7 

160 

. 

0.0 

0.5 

200 

_ 

1.0 

2.0 

160 

5.0 

2.0 

6.8 

275 

4.0 

2.0 

2.1 

160 

5.0 

3.0 

7.0 

310 

- 

4.0 

2.1 

160 

4.0 

4.5 

8.8 

380 

2.0 

5.0 

2.0 

155 

- 

6.0 

9.0 

400 

- 

8.0 

1-5 

155 

4.0 

7.5 

9.3 

450 

- 

23.5 

1*2 

135 

4.0 

16.0 

4.0 

450 

3.0 

26.0 

1.5 

135 

4.0 

17.5 

4.2 

420 

" 

47.0 

1.9 

125 

4.0 

17.5* 

0.7 

350 

3.0 

52.0 

1.9 

130 

4.0 

20.5 

7.4 

400 

4.0 

55.0 

1.8 

130 

4.0 

22.5 

5.0 

450 

4.0 

72.0 

1.7 

130 

4.0 

38.0 

6.*! 

450 

4.0 

74.0 

1.8 

130 

4.0 

58.0 

6.5 

446 

4.0 

80.0 

1.8 

130 

- 

63.5 

6.3 

44o 

4.0 

35.0 

1.0 

130 

4.0 

72.0 

6.3 

440 

4.0 

100.0 

1.7 

130 

4.0 

Ave. 

6.0 

Ave. 

1.7 
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TABIS  III  (continued) 


aUTRA-HIOK  VACUUM  BBARINQ  TEST  DATA 


Teat 

11  -  Banded 

Slnetex 

Retainer 

Test  12 

-  Coated  BQ-42  Steel 

Retainer 

Tlae 

PresBure 

Bearing 

Bearing 

Time 

Pressure 

Bearing 

Bearing 

Rre. 

mm  of  Hg. 

Temp. 

Torque 

Hrs. 

mm  of  Hg. 

.  Temp. 

Torque 

X  ixio-" 

•P 

In.-Oz. 

X  1x10-7 

•P 

in.-Oz. 

0.0 

0.9 

370 

0.0 

0.9 

325 

1.0 

1.8 

375 

2.0 

1.0 

4.4 

400 

1.0 

2.5 

1.8 

370 

. 

16.5 

5.1 

385 

6.0 

18.0 

2.0 

375 

4.5 

19.0 

3.6 

400 

9.0 

20.0 

6.0 

1*00 

21.5 

5.4 

4oo 

9.0 

23.5 

6.0 

1*20 

4.0 

23.5 

4.9 

400 

9.0 

26.0 

5.0 

1*30 

4.0 

25.0 

4.6 

400 

9.0 

27,0 

3.5 

1*00 

- 

33.0 

5.4 

4oo 

9.0 

50.0 

2.9 

390 

4.0 

67.0 

3-1 

390 

4.0 

Ave. 

4.7 

100,0 

2,0 

390 

4.0 

Avo. 

3.3 

leat  13  -  M-10  Steel  Retainer 

Test  l4 

-  Coated  M*10  Steel  Retainer 

Time 

Pressure 

Bearing 

Bearing 

Time 

Pressure 

Bearing 

Bearing 

Hra. 

nn  of  Hg. 

Temp. 

Torque 

Hrs. 

mm  of  Rg. 

Temp. 

Torque 

X  1x10*1 

y 

in.-Oz. 

X  1x10*7 

•P 

In. >01. 

0.0 

2.0 

025 

0.0 

20.0 

1050 

2.0 

1.0 

9.3 

830 

1.0 

0.9 

26.0 

UOO 

> 

2.2 

28.0 

935 

1.0 

1.5 

20.0 

1100 

1.0 

3.0 

20.0 

94o 

1.0 

2.0 

20.0 

UOO 

2.0 

5.0 

15.0 

900 

1.0 

2.5 

34.0 

UOO 

. 

5.0* 

0.9 

400 

- 

6.0 

34.0 

UOO 

2.0 

6.0 

9.4 

4oo 

1.0 

8.3 

30.0 

UOO 

2.0 

7.0 

9.0 

400 

1.0 

20.1 

20.0 

UOO 

2.0 

23.0 

15.0 

- 

- 

Ave. 

15.3 

Zh.O 

18.0 

- 

- 

24.4 

u.o 

1070 

2.0 

Ave. 

22.6 

Teat  14a  -  Banded 

Slnetex 

Retainer  - 

Fed.  Brg. 

Time 

Pressure 

Bearing  ‘ 

♦^Motor  BrgA**  >Bd.  Brg. 

Hra. 

mm  of  Hg. 

Temp. 

Tenqj. 

xemp  e 

X  1x10*' 

•P 

"P 

0.0 

38.0 

250 

-300 

♦Indicates  Restart 

1.0 

4l.O 

- 

- 

-300 

2.0 

27.0 

185 

- 

-303 

**75  lb. 

lioaded  Brg. 

Retainer 

3.0 

4o.0 

135 

-10 

-280 

Coated  MIO 

3.0* 

16.0 

130 

5 

.310 

3.3 

16.0 

130 

- 

.310  ***M3tor  Brg.  Retainer  Durold  ' 

3.6 

22.0 

150 

13 

-280 

A'/c,  28.5 
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TABI£  IV 


►  ir>  mO  O 
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Data  Not  Recorded 


1 


^  <>v  ps  rn 
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1  i  a+iCr 
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OD  ‘  C 

eH  S  W 
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CM 

CM  mo  • 


4> 

a 

■S 


^3 

Hh 


u  u 
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1 


o 

'  UN  H  lA  _ 

!  ^  »  w  ^ 

X  CO 


giAvo  rn  t* 
O  9  ^  9  0>  O 

&9  o®  ocJo 

C^pCVJ  OUNOOip 

«  CM  T  lA  CJ  HI 


I 

H 


\°- 


I  ^  ^  Jl'fl-?  o  o  o  o 


3enpvoor-0(nQ 
•  R  T  iTv  I  oj  I  iH  1 


tvnf\8 

d  r  '  ' 


I  HV)  g  01  O 

°8i^  ° 


H 


o 

i!r»ir.pt-poi_00 


i- 


■S2j 


gsd  d  d  d  d^  9  H  d  1^9  Oj  9  9  d  jA8 d 


9 

g  d 


IP 


lAp  1 


oSS 

.85 


I  fO  U-\  CU  005  t/\  O-i  _ 

,  _  lA  h-  0^  tn  ® 

rnw  R?5w  t-  S 

^•s^'d 


I  i  MRO  o  °  9^  T  5^?  i&9  Si '? 


a; 


mf-o^a-ooiO  01  (o_  o 

^HOi/NOCy^O  HrO%  o 

fA 


i  liSfi®®®9sj9S9^9S99-^’'^|"'° 


y"^9SI  S 


H  t 

i 


'5 

v> 


UNH  CsI  ^  IA< 

58  H  hSnI 

O  O  O  rr*»  LTS  H  C 


•  ♦  tA 

O  H  roj 


h  £  n  eo 


£ 

I 

O 


13 


UMApOQ  W 
I  H  H 


H  mvo  OJ  f  H  ^  Jt  ^• 

>eos7>t^f^bs2Wt“H 

I  r*)  O  O 


CO  S7>  b  S2  CJ  I 

.  _ Si  I _  ^  , 

|^|gddddt^dc;i9^’9Si9  9^~S~® 


III- 33 


1 


II  ^  I  irv  I  CM  I 


III- 34 


joisai  91 


1 


1-36 


ULTf?A-HIGH  VACUUM  BEARING  AND  LUBRICANT  TEST  APPARATUS 


:-3i 


Bearing 


SPINDLE  ASSEMBLY,  LOAD  AND  TORQUE  DEVICE 


1 


III-39 


VETIOH  VIEW  OF  MRC  BEARIKS 


6a  ARMALON 


6b  phenolic  bonded  MoS 


P2W  INSERTS  IN  STEEL 
RETAINER 


6d  SINTERED  STELLITE 
NO.  1  ALLOY 


FIGURE  6 


RETAINERS  SCREENED-IN  MRC  BEARING  TESTER 


TEST  COKDITIOTfS  -  BEARIMG  TEST  1 
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TEST  COUDinONS  -  BEARUK;  TEST  2 
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■lEPT  CONDiriONt  -  BSARnia  TEST  3 
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■TEST  CONDTTTORS  -  EfiARlNG  TEST  k 


ill  -  50 


AFTER  76  HOURS  OPEFRATION 


TEST  OOMDITIOriS  ••  BEARING  TEST  6 


\ 
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BEARING  WITH  COATED  BG42  RETAINER  AND  P2W  RING 
AFTER  100  HOURS  OPERATION  -  TEST  8 


Coeted  Rei^ainer  BG^2  -  'B'Sf'f  Ring 


flOKS 


in-55 


Retainer  Sinetex 


TBST  CCNT«r:’I0J:3  -  iJEARIN'i  'jffiST  9 


H 


§ 

O 

z 

or 

< 

lU 

CD 


111-59 


BEARING  WITH  COATED  DG42  RETAINER  AND  SK278  RING 
AFTER  33  HOURS  OPERATION  -  1  EST  12 


111-63 


BEARING  WITH  COATED  M-10  RETAINER  ANJD  P2W  RING 
AF-TER  6  HOURS  OPERATION  —  TEST  13 


-OT 


BaounO  -  aribjoj, 

g  oo  <0  ^  NO 


111-66 


BEARING  WITH  BANDED  SINETEX  RETAINER  AI-TER  27,6  HOuF 

OPERATION  -  TEST  14A 


20U  size  20  mn  bearings,  speed  l800  rpm 
Slnetex  Retainer  Test  Beaxlngs  Duroid  Retainer  Facility  BearinRs 

g.  Operation  Wt.  Ix)ss  Stress*  Brg.  Operation  Wt.  Loss  Stress* 


RETAinrSR  \VEAIl  AS  A  FUNCTION  OF  OPERATING  TIME  AND  LOAD 
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BEARIMG  UNIT  3I75EP,’  AS  A  FUNCTION  OF  LOAD 
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